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Abstract 
The discovery of water ice by the Phoenix Mars lander in 2008 and gypsum by Opportunity 
Rover in 2011 provides evidence that Mars was once a wet environment and therefore it 
could have sustained life in the past. Subsurface microbial life may be thriving on present 
Mars. The use of pyrolysis to liberate potential organic matter on Mars is known to cause 
mineral matrix – analytes interaction and result in total absence of detectable compounds. 
Solvent based extraction techniques were explored as alternatives to conventional pyrolysis 
for future Mars missions. 
Subcritical water extraction outperformed surfactant extraction but lagged behind organic 
solvent extraction where Martian regolith analogue was used. The study also showed that 
the optimum conditions of subcritical water extraction are an extraction temperature of 300 
oC and an extraction duration of 20 minutes. Molecular transformations under hot aqueous 
conditions were also observed in the same study, for instance, the structural change of 
anthracene to aromatic diketone. Subcritical water extraction of organic matter bearing 
sedimentary rocks produced a range of organic compounds diagnostic of microbial and 
plant materials. The outcomes of subcritical water extraction of sedimentary rocks can help 
predict the subcritical water treatment responses of biotic chemical classes that may still 
survive on Mars.  The chemical structures of plant organic compounds are similar to 
chemical structures of meteoritic macromolecules and the results of subcritical water 
extraction of type III organic matter can help distinguish the abiotic organic compounds 
from the biotic hydrocarbons on Mars. Further subcritical water experimentation using 
sulphate and iron rich samples collected from a low pH environment demonstrated the 
habitability of sulphate and iron rich environments on Mars and the capability of subcritical 
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water system to isolate useful organic biosignatures from an active microbial community 
with inputs of plant materials. A comparison between two different extraction modes of 
subcritical water showed the superior performance of the static mode compared to dynamic 
extraction. Heavy oil sand extraction using subcritical water provided further evidence of 
the usefulness of subcritical water technology beyond the realm of space research. 
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Chapter 1– Introduction 
 
1.1. Introduction to thesis  
Water, an essential ingredient for terrestrial life, was once very common on Mars and the 
discovery of frozen water and hydrated sulphate minerals substantiate the hypotheses that 
Martian environment could have supported life. 
The search for biosignatures on the red planets began with the Viking craft in 1970s but the 
missions did not produce any positive results. The failure to detect any organic compounds 
is attributed to many factors and one of which is the use of pyrolysis as the method of 
extraction.  
Extraction, from a chemistry point of view, is a chemical reaction in which the molecular 
species of interest are enticed to move from one phase of interaction to another phase. This 
process very often means the intermolecular bonding between the analytes and the 
adsorbents has to be broken and pyrolysis provides the energy needed for this process. 
However, the excess heat provided can inadvertently turn the sought-after compounds into 
carbon dioxide gas and water and this event can be further aggravated when sulphate and 
perchlorate minerals are found in the samples. 
 A vast array of chemical reactions involves the use of liquid media to lower activation 
energy i.e. gentle thermal application. Solvent systems rely mainly on the like dissolves like 
principle and molecules of biological origin can be classified into polar and non-polar types. 
However the stability and hence preservation potential of non-polar compounds is well 
studied. For this reason, the use of non-polar or low dielectric constant solvents is common 
in geochemical studies. The volatility and chemical stability of organic solvents such as 
dichloromethane (DCM) and diethyl ether would pose immense engineering challenge to 
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the construction of a space mission instrument. The Life Marker Chip instrument was 
designed to carry water based solvent system that can extract and detect biomolecules on 
Mars. However, compositional stability was examined critically and simulated study 
confirmed the degrading effect of temperature on surfactant molecules in aqueous solution, 
this would add to an extra problem to the existing one of false positive posed by the use of 
commercially available surfactant solution. 
Water is an extremely versatile liquid and found abundantly in nature. It is found 
ubiquitously in every living system and industrial application of water is also very 
widespread from petroleum recovery to production of aluminium. Its significance is well 
noted, nevertheless this liquid medium is known for its high polarity which means at 
ambient conditions its versatility is limited to dissolving both biotic and abiotic molecular 
entities of similar polarity. The fall in polarity of water or alternatively known as dielectric 
constant is commonly observed when energy is applied to raise the internal energy of the 
medium and hence the feasibility of distilling non-polar aromatic compounds from plant 
materials. The fall in dielectric constant at its boiling point is still inadequate to 
accommodate saturated hydrocarbons a class of compounds of high preservation potential. 
Suppression of steam formation is the most conspicuous route to induce further drop in 
dielectric constant and one simple way to achieve this is through pressure exertion and 
headspace restriction. As temperature of pressurised water is taken past the 100 oC mark, 
changes in physical and chemical properties of water occur. Lower viscosity, higher 
diffusivity and greater self-ionisation are characteristics of this type of solvent, heat capacity 
is also drastically improved and this allows water to absorb much greater thermal energy. 
Dielectric constant of water decreases progressively with increasing temperature up to the 
supercritical point. Despite the low dielectric constant of supercritical water its utilisation as 
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an extraction medium is very limited due to its highly corrosive and oxidative nature and 
therefore structural integrity of biomarkers of concern could be severely compromised. 
Heating water to temperature below critical point and keeping it above 100 oC are still 
sufficient to modify the solubilising power of water. Experimental studies of subcritical 
water have been showing promising results where target compounds of different polarities 
were extracted. Had carbon based life forms existed on other planets in particular Mars, 
their remnants today would bear similarities to their terrestrial counterparts and this 
presents an exciting opportunity to recover them from the Martian regolith by means of 
subcritical water solvation.  
This thesis is mostly concerned with subcritical water extraction of different classes of 
organic compounds most notably saturated hydrocarbons that are often found in lipid 
membranes of living organisms. In order to establish the performance of subcritical water, a 
study was set up to recreate the Martian scene where hypothetical biomarkers bind onto 
Martian soil analogue followed by recovery process involving organic solvent, surfactant 
solution and subcritical water. An assessment to determine suitable extraction temperature 
constituted the study. Temperature-dependent polarity change of water and the 
consequence on extractability of hydrocarbons from authentic organic rich samples were 
explored in follow-up work. Penultimate chapter shifts the focus to samples that are more 
representative of extreme habitats where only simple life forms with adjusted biological 
systems can survive.   
In the next chapter methods of extraction, list of samples and instruments are presented. 
That chapter also serves as a rough guide to the experimental works that were carried out in 
this project. 
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1.2. Literature review 
1.2.1. Summary 
This review aims to provide information about the past studies and outcomes of the 
analytical extraction techniques for hydrocarbons in soil and rocks. The extraction 
techniques discussed here are sub-critical water extraction, organic solvent extraction and 
surfactant assisted solvent extraction. Subcritical water extraction emerges as a clean and 
green champion in the field as pure water is the main reagent for the extraction. Traditional 
organic solvent extraction remains as a frequently used method in industry and research. 
Surfactant assisted solvent extraction has been identified as a great alternative to the other 
two methods and its potential as an extraction technique was recognised in the Life Marker 
Chip study. The extraction conditions and parameters of each technique are also discussed 
in the review where their pros and cons are also highlighted. The review concludes with 
brief description of the geological setting and geochemistry of the landing sites on Mars 
explored by different Mars mission rovers in the past. A brief introduction to one of the 
proposed landing sites for ExoMars in 2018, Jezero crater, is also included in the concluding 
part of the review. 
1.2.2. Introduction 
 
Data obtained from OMEGA instrument on board of the European Space Agency Mars 
Express spacecraft reveal Mars geological and climatic history (Bibring et al., 2006). About 
3.5 billion years ago, Martian surface was dominated by rocks that contained phyllosilicates 
produced during the early wet and alkaline conditions. This wet and alkaline era would 
represent the most habitable conditions. This era was then superseded by acidic 
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environment with rocks containing sulphates and finally this environment is being covered 
in iron oxides mineral which was produced in the absence of water. 
The discovery of water ice by the Phoenix Mars lander in 2008 and gypsum by Opportunity 
Rover in 2011 provides further evidence that Mars was once a water logged environment. 
Water is essential for life there these discoveries substantiate the hypotheses that Mars 
could have had life in its near or distant past. 
The search for life on Mars employs techniques that rely on the detection and 
characterisation of organic matter. To date, no confirmed detection of in situ organic matter 
on Mars has occurred. Pyrolysis gas chromatography mass spectrometry (Py/GC/MS) and 
evolved gas analysis (EGA) conducted by Sample Analysis at Mars (SAM) instrument on 
board the Mars Science Laboratory Curiosity rover provided no conclusive evidence of biotic 
organic compounds on Mars (Freissinet et al., 2015). Freissinet et al. (2015) study also 
highlighted the side reaction between Martian oxychlorine minerals and potential organic 
compounds that can occur during pyrolysis.  
Experimental studies involving organic matter bearing terrestrial samples can evaluate the 
efficiency of organic detection and characterisation techniques that will eventually operate 
on Mars. Extraction is an intrinsic part of any sample preparation to isolate organic matter 
from the mineral matrix and perhaps the simplest approach is direct heating of the sample 
to liberate organic entities. However, the presence of minerals means that secondary 
reactions may occur and obscure the outcome of organic matter analysis (Abe et al., 1993; 
Navarro-González et al., 2010; Steininger et al., 2012). An alternative extraction technique 
therefore needs to be developed to suit the purpose of organic material detection on Mars. 
Solvent assisted extractions can selectively dissolve the organic targets in a medium that 
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enables transfer and downstream analysis. Several types of solvent system are available and 
each has advantages and disadvantages for operation on Mars. Sample extraction using 
organic solvents has always been the traditional method in many industries and 
geochemical studies. In these geochemical studies, the organic matter of interest are usually 
non-polar and hence the use of non-polar solvents such as DCM, n-hexane in the chemical 
extraction of soil and rocks. Organic solvent extraction however presents some problems in 
terms of material compatibilities for valve seals and similar components. The Life Marker 
Chip (LMC) was intended as part of the ExoMars payload and designed to detect biomarkers 
in the Martian soil. The system employs surfactant as an alternative route of extraction that 
provides both efficiency and compatibility with the antibody based detecting instrument but 
previous study has shown the susceptibility of surfactant molecules to degradation in the 
conditions of outer space (Court et al., 2014). One solution to this problem is the use of 
subcritical water, liquid water at 100 – 374 oC but not exceeding 22.05 MPa 
(Sereewatthanawut et al., 2008). Adjusting temperature of subcritical water causes the 
change in polarity of this medium and in turn enhances the recovery of non-polar organic 
matter. Water is readily available, hazard-free, physically and chemically stable therefore 
poses very little engineering problem to the instrument required to perform wet chemistry 
on Mars. 
This review provides an insight into the three sample extraction techniques that have been 
studied for industrial applications as well as geochemical purposes. 
1.2.3. Review of different extraction techniques 
 
1.2.3.1. Sub-critical water extraction 
 
  
31 
 
Subcritical water is water being heated to temperature above 100 oC but kept below 374 oC 
under a pressure that does not exceed 22.05 MPa to maintain the liquid state 
(Sereewatthanawut et al., 2008). Hawthorne et al. (1994) study showed the capability of 
subcritical water to extract organic pollutants from environmental solids. Hawthorne et al. 
(1994) study also acknowledged that quantitative extraction of spiked sample does not 
necessarily reflect the ability of the same extraction method to remove the same classes of 
organic compounds from naturally occurring organics bearing mineral samples (Burford et 
al., 1993). Compounds such as n-alkane, as indicated in the study, are quite recalcitrant to 
subcritical water extraction even at 250 oC. The study did also acknowledge the problem of 
volatilisation of chloroform when it was used as a collection solvent in high temperature 
eluent. It could lead to loss of analyte and lower efficiency of the extraction. Another 
problem that was observed in Hawthorne et al. (1994) study is the rise in dielectric constant 
of subcritical water as it passes through the cooling bath. It is, therefore, unrealistic to 
expect a complete transfer of analytes from the extraction chamber to the collection point. 
Previous work demonstrated the minimal effect of pressure on the extraction efficiency 
(Hawthorne et al., 1994). The relationship between flow rate and solubility of low molecular 
weight PAHs as well as higher molecular weight PAHs was also discussed in Hawthorne et al. 
(1994) study. Table 1.1 summarises the extraction results obtained by Hawthorne and 
colleagues (Hawthorne et al., 1994), the percentage recovery calculation was relative to the 
certified concentration of analytes of reference samples which itself was verified by Soxhlet 
and sonication methods (Hawthorne et al., 1994). 
The problem of using chloroform in hot water was recognised and rectified in later work 
(Miller and Hawthorne, 1998). The additional step of mixing chloroform with the extractant 
right before cooling and collection was introduced. This approach minimised evaporation of 
  
32 
 
chloroform and deposition of analytes in the transfer line. Another highlighted outcome of 
the study was the solubilisation of organic compounds over a range of temperatures and 
most remarkably subcritical water solubilisation of hydrophobic fungicide chlorothalonil. 
Water solubility of this chlorinated compound increases by a factor of 130 000 when the 
temperature of water was raised from 25 oC to 200 oC. 
The solubilising power of water as a function of temperature was explained in great detail in 
the work of Sereewatthanawut and colleagues (Sereewatthanawut et al., 2008). It is 
believed that the increase in temperature is accompanied with the increase in the ionic 
products of water Kw. At 25 oC water has a Kw value of 10-13.91 mol2dm-6, this value rises to 
10-11 mol2dm-6 at 250 oC under 25 Mpa pressure (Bandura and Lvov, 2006) but this trend 
reverses at temperatures above 390 oC and up to 500 oC where the Kw values fall to 10-19 
mol2dm-6 and 10-22 mol2dm-6 respectively. As the main interest of the study amino acids and 
proteins were extracted using subcritical water at 220 oC and the yield was greatly enhanced 
by greater concentrations of water derived hydronium and hydroxide ions. 
Table 1.1. Effect of water temperature on PAH recoveries from soil at 350 bars in 15 minutes (Hawthorne et al. 
1994). Relative standard deviations (% RSD) are based on triplicate water extractions at each condition. BDL 
denotes below detection limit. 
Analyte 
 
Certified 
concentr
ation 
µg/g (% 
RSD) 
Percent
age 
recover
y and % 
RSD at 
50 oC 
Percent
age 
recover
y and % 
RSD at 
120 oC 
Percent
age 
recover
y and % 
RSD at 
200 oC 
Percent
age 
recover
y and % 
RSD at 
250 oC 
Percent
age 
recover
y and % 
RSD at 
300 oC 
Percenta
ge 
recovery 
and % 
RSD at 
400 oC 
(supercri
tical) 
Naphthalene 24 (119) 23 (11) 64 (23) 151 
(15) 
150 
(11) 
165 (9) 132 (19) 
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2-methyl-
naphthalene 
57 (37) 5.7 (9) 20 (19) 118 (7) 127 
(14) 
120 
(26) 
104 (23) 
Acenaphthalene 16 (68) 2.9 (9) 14 (11) 99 (6) 94 (12) 93 (24) 81 (30) 
Dibenzofuran 306 (25) 2.8 (11) 16 (13) 117 (6) 152 
(11) 
129 
(14) 
151 (16) 
Fluorene 476 (21) 2.9 (5) 11 (14) 93 (11) 94 (15) 95 (22) 84 (21) 
Phenanthrene 1450 (39) 4.5 (15) 18 (33) 116 
(12) 
110 
(13) 
111 
(22) 
92 (14) 
Anthracene 425 (16) 2.9 (3) 13 (18) 93 (11) 96 (16) 107 
(19) 
90 (16) 
Fluoranthrene 1307 (30) 0.2 (24) 4.6 (24) 73 (20) 96 (20) 97 (22) 74 (16) 
Pyrene 961 (145) 0.3 (11) 4.5 (23) 79 (19) 106 
(13) 
114 
(21) 
86 (17) 
Benz(a)anthrace
ne 
249 (23) BDL 3.5 (33) 36 (15) 79 (17) 96 (11) 73 (41) 
Chrysene 311 (20) BDL 3.9 (37) 36 (17) 85 (24) 111 
(13) 
75 (14) 
Benzo(b+k)fluor
anthene 
156 (26) BDL 1.9 (19) 29 (13) 115 
(18) 
132 
(25) 
92 (20) 
Benzo(a)pyrene 98 (27) BDL 1.9 (19) 27 (14) 103 
(19) 
120 
(18) 
84 (40) 
 
Molecular breakdown of protein and amino acids occurred via hydrolytic route in the 
presence of hydroxide and hydronium ions and the hydrolysis products can undergo further 
degradation or rearrangement under high temperature to form low molecular weight 
carboxylic acids such as formic acid, acetic acid, propionic acid, succinic acid and lactic acid 
(Sereewatthanawut et al., 2008). Equilibration time was also probed in Sereewatthanawut 
et al. (2008) study and it was found to have an impact on the yield together with 
temperature. The highest yield was recorded at 200 oC and 30 minutes equilibration time or 
220 oC and 20 minutes equilibration time. A comparison of performance between subcritical 
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water and traditional method alkaline hydrolysis was made, the yield obtained from alkaline 
extraction was much lower than the yields achieved by subcritical water at 200 oC and 220 oC 
(Figures 1.1 & 1.2).  
Eluent collection, as seen in previous studies, does pose problem for quantitative analyses 
especially trace amount assay. From extract elution to collection with solvent and complex 
mixture transfer to analyser, each step contributes to the loss of compounds of interest and 
therefore affects the total yield. 
 
Figure 1.1. Protein yield of subcritical water extraction at various temperatures vs the yields of the traditional 
method alkali extraction. Protein yields obtained from alkali extraction is comparable to the extraction yields 
obtained from subcritical water extraction between 140 and 160 °C. Subcritical water extraction at 200 °C and 
220 °C produced much higher yields (Sereewatthanawut et al. 2008). 
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Figure 1.2. Amino acid yield of subcritical water extraction at various temperatures vs the yields of the 
traditional method alkali extraction. Subcritical water extraction at 200 °C produced higher yields than alkali 
method (Sereewatthanawut et al. 2008). 
A research group from East Carolina University wanted to solve this problem (Li et al. 2000). 
Figure 1.3 shows the setup of their instrument for the study where the authors used a high 
performance liquid chromatography (HPLC) column guard as a post- extraction and pre- 
chromatography trap. This configuration presents a potential problem of trap 
contamination and sample carryover particularly when analyses of complex biological 
(Hughes et al., 2007) or soil samples are carried out. Furthermore, the authors of the study 
(Li et al. 2000) did not mention any cleaning procedure of the sample cell after each 
extraction but that did not to lead to any problem as spiking technique was used and it is 
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less prone to complication than the real world sample. The failure to detect spiking polar 
compounds like phenol and aniline became apparent in Li et al. (2000) study. The failure was 
due to the poor interaction between the polar species and the C18 stationary phase trap 
which led to preferential partitioning of the polar compounds into the mobile phase. This 
coupling technique is certainly not suitable for trace quantitative analyses of polar 
compounds. 
Li et al. (2000) study cited the work of Daimon and Pawliszyn (1996) on coupling of 
subcritical water extraction with solid phase microextraction (Daimon and Pawliszyn, 1996). 
In the study, two different micro extraction techniques were demonstrated first one 
involved the collection method after subcritical water extraction and the second technique 
was the combination of dynamic subcritical water system and solid phase microextraction. 
Although this coupling technique bypassed the liquid-liquid extraction step and eliminated 
the use of organic solvent, the drawback of this technique is the long exposure of the solid 
phase microextraction (SPME) coating to high temperature water which causes bleeding of 
the coating (de Fátima Alpendurada, 2000) therefore introduction of SPME fibre into the 
analytical system is highly possible.The  irreversible adsorption of high molecular weight 
interferences can also make the fibre unusable.  
Hashimoto et al. (2004) study of subcritical water for environmental remediation purpose 
focused on removal of highly toxic dioxin from soil. Hashimoto et al. (2004) study 
demonstrated the effective interaction between moderately heated water (150 oC and 0.2 
Mpa) and hydrophobic dioxins which lead to good removal efficiency of this compound from 
contaminated soil (Figure 1.4). 
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Low temperature extraction of oxygenated compounds was again carried out with high 
success rate. Flavanols and polyphenols were extracted from grape seeds at 150 oC (Garcia-
Marino et al., 2006). Garcia-Marino et al. (2006) study made a comparison between single 
static extraction and sequential extraction where better yields were often the outcomes of 
static extraction. 
 
Figure 1.3. On-line coupling system of subcritical water extraction with high-performance liquid 
chromatography. The trap is a C18 HPLC column guard serves as an interface between subcritical water 
extraction and HPLC. V3-a and V4-a are closed during subcritical water extraction so that the extracted 
analytes can be collected in the solid trap. HPLC calibration can also be performed by opening V2 while 
subcritical water extraction and HPLC calibration can be performed simultaneously. After the water extraction, 
V2, V3-b and V4-b are closed and V3-a and V4-a are opened. Thus, the trapped analytes are eluted by the 
mobile phase and injected into the HPLC column for separation and quantitation (Li et al. 2000). 
One particular sequential extraction offered similar result to 150 oC single extraction, the 
sample was first exposed to 50 oC flowing water for 30 minutes followed by another 30 
minutes at 100 oC and finally at 150 oC for additional 30 minutes (Table 1.2). In order to 
assess the extraction efficiency of subcritical water relative to traditional technique, solid-
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liquid extraction was performed and the results were also directly compared to subcritical 
water extraction in two modes. The comparison showed mixed results, static subcritical 
water extraction outperformed the rest in term of gallic acid yield but its performance falls 
short in the extraction of flavanol epicatechin in comparison to solid liquid extraction and 
dynamic subcritical water extraction. Nevertheless, from the energy consumption and eco-
friendliness point of view single extraction at 150 oC for 30 minutes is a clear winner with 
high total yield of polyphenols and flavanols. This clear advantage of subcritical water was 
once again echoed in the work of Singh et al. (2011) in which phenolic compounds from 
potatoes peel were extracted with high yield of more than 81 % at 180 oC for 60 minutes. 
Subcritical water was also found to be suitable for extracting naturally occurring essential 
oils (Eikani et al., 2007). Linalool, an aliphatic terpenoid, can be extracted from coriander 
seed with good efficiency in comparison to more traditional method like Soxhlet and 
hydrodistillation at 125 oC. 
Environmental remediating use of subcritical water is not restricted to removal of toxic 
hydrocarbons, as a very versatile solvent it can remove toxic heavy metal contaminants 
from soil as shown by López study (Priego-López and Luque de Castro, 2002). The ability of 
subcritical water to tolerate additives was also put to the test. The addition of nitric acid to 
hot water markedly improved the results of decontamination. Other parameters were also 
critically assessed and optimum value was determined for each one of them (Table 1.3 & 
1.4). Other additives such as diethylenetriaminepentaacetic acid (DTPA) and 
triethanolamine (TEA) are also useful for the purpose of heavy metal decontamination 
(Lindsay and Norvell, 1978). 
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Hydrothermal corrosion of metal material by superheated water is a well-studied topic (Li et 
al., 2011; Yao et al., 2012). Water corrosivity at high temperature becomes very pronounced 
and therefore from an economic point of view moderate temperature is most beneficial in 
term of cost reduction but extraction efficiency is usually compromised by mild 
temperature. The addition of a surfactant to subcritical water enhanced extraction capacity 
at low temperature (Fernandez-Perez and Luque de Castro, 2000). Polycyclic aromatic 
hydrocarbons (PAHs) recovery percentage of 73.6 % was achieved after 15 minutes static 
and 10 minutes dynamic extraction at 150 oC in the presence of anionic surfactant sodium 
dodecyl sulphate (SDS). In the absence of SDS surfactant only 30 % of PAHs were removed 
from clay soil after 1 hour of treatment. An additional advantage of surfactant use was the 
diminished matrix effect between the hydrocarbons and the soil sample (Figure 1.5). 
The conventional methods of detection and quantitation for subcritical water extracts are 
normally gas chromatography, liquid chromatography and total organic carbon analysis. A 
more novel quantifying technique was explored by Kipp and colleagues (Kipp et al., 1998). 
The study exploited the interaction between PAH target analytes and the corresponding 
antibodies. The interaction between the two produces a coloured complex which can be 
measured at 450 nm using a photometer. The specificity of enzyme immunoassay can be 
both an advantage and disadvantage depending on the nature of the assay. This assay 
requires the analyst to have some knowledge about the presence of the analytes in the 
tested sample and choose the appropriate antibodies. However this specificity would not 
allow the detection of unknown unknowns the compounds that the analyst has no 
knowledge of but still could otherwise be detected by conventional techniques like gas 
chromatography (GC) or HPLC. The accuracy of this enzyme immunoassay (EIA) was 
compared to standard HPLC method, as shown in Table 1.5. It produced fairly similar results 
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relative to the standard HPLC method. However the antibodies can react with the isomeric 
or substituted analogues of the target PAHs and consequently produced slightly higher 
results. 
 
Figure 1.4. The ratios of dioxins in samples extracted at each temperature to the original soil. Experimental 
pressure at <0.2 Mpa and equilibration time of 240 minutes. PCB stands for Polychlorinated Biphenyls. PCDF : 
Polychlorinated Dibenzofuran and PCDD = Polychlorinated dibenzo-p-Dioxin. 
Table 1.2. The comparison between single extraction and sequential extraction (Garcia-Marino et al. 2006). 
Mode of extraction Extraction 
temperature (oC) 
Yield (%) Duration (mins) 
Single 50 4.2 30 
Single 100 12.4 30 
Single 150 37.7 30 
Sequential 50+100 15.1 60 
Sequential 50+100+150 36.7 90 
 
Table 1.3. Multivariate design to study optimum conditions for different parameters for efficient removal of 
heavy metal contaminants from soil where efficiencies are expressed as mg kg−1. Optimum temperature 200 
oC, optimum flow rate 3 mL/min, optimum concentration of additive nitric acid in water 4 % and optimum 
extraction time 30 minutes as highlighted in run 5 (Priego-López and Luque de Castro, 2002). The numerical 
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values below are the original findings reported in Priego-López and Luque de Castro (2002) study. BDL = below 
detection limit. 
Run A B C D E Pb Cu Cd As Se Hg 
1 + + - - + BDL BDL BDL BDL 0.093 0.012 
2 + - + - + 0.169 3.660 0.126 0.006 0.380 0.075 
3 + + - + - 0.020 0.000 0.080 BDL 0.200 0.028 
4 - + + + - 2.098 7.610 0.328 0.756 0.500 0.040 
5 + + + + + 3.287 10.480 0.415 0.795 0.626 0.303 
6 + - - - - 0.176 BDL 0.058 BDL 0.099 0.011 
7 - - + - - 0.345 1.740 0.122 0.090 0.186 0.019 
8 - - + + + 1.548 4.690 0.183 0.338 0.300 0.025 
9 - + + - + 1.068 4.890 0.200 0.334 0.3100 0.010 
10 - + - - - 0.355 0.000 0.033 0.001 0.110 0.009 
11 + - + + - 0.924 8.080 0.094 0.200 0.200 0.195 
12 - + - + + 0.112 BDL BDL BDL 0.200 0.028 
13 - - - - + 0.130 BDL BDL BDL 0.100 0.009 
14 0 0 0 0 0 0.796 0.250 0.018 0.162 0.220 0.024 
15 - - - + - 0.214 BDL BDL BDL 0.130 0.010 
16 0 0 0 0 0 0.515 1.150 0.004 0.084 0.130 0.013 
17 + - - + + 0.229 BDL 0.046 0.292 0.300 0.010 
18 + + + - - 1.649 2.610 0.092 0.285 0.24 0.155 
19 0 0 0 0 0 0.775 3.280 0.011 0.149 0.24 0.520 
 
Table 1.4. Experimental conditions used in Priego-López and Luque de Castro (2002) study.  
Parameter Denoted as Unit Low level (-) High level (+) 
Temperature A oC 100 200 
Flow rate B mL/min 1.00 3.00 
% Nitric acid C % 0.00 4.00 
Dynamic 
extraction time 
D minutes 10.00 30 
Static extraction 
time 
E minutes 0.00 30 
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Figure 1.5. Chromatograms of target hydrocarbons obtained under optimum conditions for spiked soil (top 
chromatogram) and certified reference material (bottom chromatogram), both using surfactant modified 
subcritical water. (1)Pyrene, (2)Benzo[a]anthracene, (3)Benzo[e]acenaphtene, (4)Benzo[k]fluoranthene, 
(5)Benzo[a]Pyrene, (6)Benzo[ghi]perylene. Most of the PAHs of interest can be extracted from the industrial 
soil as shown by their presence on the chromatogram (Fernandez-Perez and Castro 2000). 
The small sized enzyme immunoassay (EIA) instrument consumes much less energy and it is 
therefore an ideal coupling detection method with subcritical water extraction for screening 
method in the field. Good sensitivity is also a known advantage of EIA (Van Weemen and 
Schuurs, 1971). 
  
43 
 
Subcritical water extraction of amino acids was demonstrated on the soil sample of the 
Atacama Desert (Amashukeli et al., 2007). The optimal extraction conditions for amino acids 
from Atacama Desert were 200 oC, 17.2 Mpa and 10 minutes equilibration time. The 
concentration of extracted amino acids can vary between different temperature settings. 
Aliphatic amino acids were extracted most efficiently at higher temperature from 200-250 
oC while the polar said chain amino acids were extracted at lower temperature. Mode of 
extraction also has an impact on the yield of amino acids. Continuous extraction resulted in 
lower extraction yield than single point extraction. Amashukeli et al. (2007) study also raised 
concerns about prolonged extraction of amino acids at high temperature. Hydrothermal 
degradation, racemisation and intramolecular rearrangement of amino acids at high 
temperature can lead to lower extraction efficiency. 
Table 1.5. Performance comparison between enzyme immunoassay fluorescence method (EIA) and 
conventional HPLC method. HS-3 certified standard is the marine sediment. Soil is the real world soil (Kipp et 
al. 1998). 
 EIA (mg/kg) HPLC (mg/kg) 
HS – 3 Certified Standard 310 253 
Soil 47.7 27.4 
 
Subcritical water extraction system was intended as part of the ExoMars rover payload 
(Bada et al., 2005). The system conditions were optimised to specifically target amino acids 
in Martian soil. If carbon based life forms existed on Mars their remnants today are very 
likely to be saturated hydrocarbons owing to their high preservation potential. Future Mars 
missions therefore should focus on finding this class of compounds. 
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1.2.3.2. Surfactant based extraction system 
 
Surfactant assisted extraction of hydrocarbons particularly polycyclic aromatic hydrocarbons 
has been studied extensively. Soil decontamination using aqueous surfactant solution is one 
of the standard methods in the area of environmental remediation (Chu and Chan, 2003; 
Villa et al., 2010). The formation of PAH-surfactant emulsion is the main solubilising 
mechanism of this technique. Experimental data also showed that anionic surfactant is most 
effective in removing PAHs from soil with the removal efficiency greater than 90 %, non-
ionic surfactant on the other hand has the lowest efficiency (López-Vizcaíno et al., 2012). 
In recent years, ionic liquid was studied for surfactant extraction work. Germán-Hernández 
et al. (2012) study used ionic liquid as it can behave as both reaction solvent and 
aggregating agent. it was possible to extract PAHs from foodstuff such as toasted cereals 
using ionic compound 1-hexadecyl-3-butylimidazolium bromide (C16C4Im-Br) (Germán-
Hernández et al., 2012). To isolate the ionic compounds after emulsion, lithium 
bis[(trifluoromethane)sulfonyl]imide (LiNTf2) salt was added to decrease the water solubility 
of the ionic compound. The addition of salt simultaneously led to the formation of 
microdroplets of C16C4Im-NTf2 that still encapsulated the extracted PAHs (Figure 1.6). These 
microdroplets were removed from the solution using a Hamilton syringe and diluted prior to 
liquid chromatography analysis without additional clean-up step. This method produced 
reasonably good results with extraction efficiency expressed in percentage ranging from 
65.3 % to 105 % for different PAH. 
The role of surfactants in the extraction of hydrocarbons is becoming increasingly diverse. It 
was used as a disperser solvent in the study of microextraction of estrogen residues in water 
(Zou et al., 2012). The purpose of using a disperser solvent in Zou et al. (2012) study was to 
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homogenise the aqueous solution of analytes and the organic solvent used for the 
extraction, in this way the contact surface between the organic phase and the aqueous 
phase was enhanced and this facilitated better partitioning of analytes. In Zou et al. (2012) 
study, the non-ionic surfactant Triton X-100 was found to give the highest extraction 
efficiency. The presence of this non-ionic surfactant also accelerated emulsification of the 
organic solvent in water caused by sonication energy. The downside of this surfactant based 
technique is that extraction efficiency can be influenced by many parameters such as choice 
of disperser solvent, organic solvent, volume of solvent, concentration of surfactant, ionic 
strength, pH and sonication time. Most important of all is the type of organic solvent used it 
has a profound effect on the emulsification and therefore the extraction efficiency. In the 
study of estrogens mentioned earlier (Zou et al., 2012), ethyl acetate and n-butanol did not 
produce any emulsion and the only workable solvent was carbon tetrachloride which is a 
hazardous organic solvent for both human health (Boll et al., 2001) and the environment 
(Rae, 2009). It is therefore not suitable for large scale water analysis.  
The maturity of petroleum has been linked to the distribution pattern of aromatic 
compounds and methylphenanthrene ratio in sedimentary rocks (Radke et al., 1986; Radke 
et al., 1982) (Ali et al., 2002). Methods to extract these PAHs usually involve organic solvents 
such as dichloromethane which are not environmentally friendly. It was shown that 
phenanthrene and trimethylnaphthalene which are even less abundant than 
methylphenanthrene and tetramethylnaphthalene in petroleum source rock (Akinlua et al., 
2007) can be extracted from petroleum source rock in the presence of non-ionic surfactant 
(Akinlua et al., 2012). Combination of three different non-ionic surfactants and performance 
comparison to single surfactant system were also explored in Akinlua et al. (2012) study 
(Figure 1.7). 
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The extraterrestrial life detection studies involving surfactant produced very promising 
results (Court et al., 2010; Court et al., 2012). Court et al. (2010) and Court et al. (2012) 
studies are parts of the Life Marker Chip (LMC) instrument which was destined for the 
ExoMars rover (Sims et al., 2012). The instrument uses water based surfactant solution to 
extract potential organic compounds from samples of Martian regolith and accommodate 
antibody based detectors. The LMC comprises a number of subsystems designed to perform 
extraction, fluorescence detection, internal instrument pressure and temperature 
regulation. 
Surfactant was looked at as the solution to the problem of extracting nonpolar 
hydrocarbons in water based solvent a friendly environment for the antibodies in the 
detection stage. Non-ionic surfactant polysorbate 80 was the focal point in Court et al. 
(2010) and Court et al. (2012) studies, it was able to extract spiking organic standards 
associated with fossil life and abiotic compounds from meteoritic fall from the Martian soil 
analogue JSC Mars-1. The organic standards mixture consisted of aromatic and aliphatic 
hydrocarbons such as pyrene and phytane. An addition of methanol to the aqueous solution 
was needed to aid the solubilisation of nonpolar species and the presence of methanol did 
not affect the antibody based detector. Although Court et al. (2010) and Court et al. (2012) 
studies generated very positive results but the stability problem of surfactant molecules in 
extraterrestrial environment was anticipated and investigated (Court et al., 2014). The 
implications of Court et al. (2014) study are decreased extraction performance and false 
positive readings, these raised concerns about the suitability of a surfactant based solvent 
extraction instrument on the Mars rover.   
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1.2.3.3. Standard organic and aqueous solvents extraction system 
 
Prior to the development of novel methods mentioned previously, the studies of extracting 
hydrocarbons from soils and rocks have mostly relied on the use of organic solvents such as 
dichloromethane and n-hexane. Soxhlet extraction is still the benchmark method in the 
Figure 1.6. Water soluble ionic liquid 1-hexadecyl-3-butylimidazolium bromide interacts with the extracted 
PAHs due to its non-polar long hydrocarbon tail. The addition of lithium bis[(trifluoromethane)sulfonyl]imide 
(LiNTf2) convert the water soluble molecules into water insoluble ones and promotes the formation of 
aggregates which still encapsulate the PAHs. (Germán-Hernández et al., 2012). 
Figure 1.7. Performance comparison between single surfactant system and three surfactant system.Brij 35 is 
non-ionic surfactant Polyoxyethylene(23)dodecyl ether and Brij 35 mix denotes mixture of 0.02 M of Brij 35, 
0.02 M of C12E10 (Polyoxyethylene(10)dodecyl ether) and 1.5 % of Triton X-100(octylphenolethoxylate) in a 
ratio 2:1:1 respectively. All are non-ionic surfactants (Akinlua et al., 2012). 
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extraction of hydrophobic compounds and PAHs in particular from sediments (Lau et al., 
2010), the downside of this technique is the use of large volume of solvent and long 
extraction time (Guerin, 1999). The continuing popularity of Soxhlet extraction is attributed 
to the good reproducibility (Berset et al., 1999). Experimental work has shown that aliphatic 
hydrocarbons can be co-extracted with the aromatic compounds using Soxhlet method 
(Graham et al., 2006). 
Extraction in chemical analyses encourages the key analytes to break free from the sample 
matrix (Cannell 1998). Ultrasound can impart kinetic energy to the solvent and penetrate 
the sample then promote the release of the analytes thus improve mass transfer (Keil 
2007).The combination of ultrasound and organic solvent extraction resulted in ultrasonic 
extraction. It has been used widely in different analyses from the analysis of active 
sweetener steviol glycosides in plants (Alupului et al., 2009), extraction of lipids from algae 
(Adam et al., 2012) to pharmaceutical and personal care products contamination (PPCPs) 
(Wu et al., 2012). Ultrasonic extraction has been proven to perform better than Soxhlet 
extraction in removing high molecular weight hydrocarbons from source rock (Figure 1.8) 
(Mueller and Philp, 1998). The standard deviation of ultrasonic extraction yields were 
reported to be lower than that of Soxhlet extraction yields (Blanco et al., 1992) but the 
extraction yield of ultrasonic extraction is highly influenced by the correct choice of solvent, 
ultrasonic power and exposure time (Matouq et al., 2009). Microwave assisted solvent 
extraction which was introduced in the mid-1980s (Ganzler et al., 1986) is an alternative to 
Soxhlet extraction. It is less time consuming and less energy demanding. This method also 
replaces chloroform as the standard solvent with other less hazardous solvents such as n-
hexane and acetone and yet still produces comparable results to chloroform extraction 
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(Tomaniová et al., 1998). However, the extraction efficiency of this microwave method very 
much depends on the capacity of the chosen solvents to absorb microwave energy. 
 
 
Figure 1.8. Chromatograms of p-xylene/ultrasonic extracts of Green River Formation source rocks (Uinta Basin, 
Utah). It shows the high concentration of the monocyclic/branched alkanes above n-C46. (Mueller et al., 
1998). 
1.2.4. Biomarkers 
 
1.2.4.1. General view 
 
From geochemistry point of view, biomarkers are a class of organic compounds which serve 
as indicators for the studies of biological processes in soil and rocks. They can be lipids, 
cellulose and nucleic acids (Tegelaar et al., 1989). A range of diverse organic compounds 
were revealed on the Murchison meteorite more than 40 years after its fall (Schmitt-Kopplin 
et al., 2010). Despite all the controversies in the early days of the analyses, it soon became 
established that organic compounds and amino acids exist on the meteorite (Sephton, 
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2002). The search for biomarkers from carbonaceous chondrites, thereafter, became the 
main focus of many geochemistry studies especially those of extraterrestrial samples or 
terrestrial analogues (Botta et al., 2007; Sephton and Gilmour, 2000; Sephton, 2002; 
Sephton, 2013). At the same time the search for biomarkers on different planets has also 
intensified and it all began with the Viking craft on Mars in the 1970s but the results in this 
interplanetary search have not been promising (Biemann et al., 1976). Published work on 
geological history of Mars and the relationship between mineral host and terrestrial organic 
matter revealed the classes of compounds that should be targeted in the future Mars 
missions (Sephton et al., 2013).  
1.2.4.2. Amino acids 
 
Microorganisms are now known to thrive even in the harshest conditions on Earth from the 
South Pole snow to the Atacama Desert. Their DNA and amino acids were extracted and 
analysed to confirm their existence in such environments (Amashukeli et al., 2007; 
Carpenter et al., 2000). Amino acids are the basic building blocks of life and they could be 
good indicators of extant life outside Earth but they are thermally unstable and can 
transform into different molecules via rearrangement mechanism. Amashukeli et al. (2007) 
study demonstrated amino acid degradation under aqueous condition of subcritical water 
extraction and this can obscure the interpretation of the results of the analyses (Amashukeli 
et al., 2007). It has been suggested that amino acids could also be found on other planet as 
the result of meteoritic infall (Martins et al., 2007) therefore targeting amino acids could 
present a danger of data misinterpretation. Biotic and abiotic amino acids separation using 
chiral selectors was explored in Skelley et al (2007) study. Hydroxy-propyl-β-cyclodextrin 
was used as the chiral selector however the use of chiral selector in aqueous condition 
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renders this technique incompatible with gas chromatography-mass spectrometry. Capillary 
electrophoresis-fluorescence detection was used as the technique of separation and 
identification. Nevertheless fluorescence tagging is often required due to the lack of 
fluorescence moiety in amino acid structure (Skelley et al., 2003). This additional step adds 
to the complexity of the overall procedure.  
1.2.4.3. Carboxylic acids 
 
These biosynthetic molecules are made up of long chain hydrocarbon tails and polar heads, 
they are the principal components that together form the backbone of lipid membranes of 
all known living organisms. Monocarboxylic acids have been found on carbonaceous 
chondrites (Aponte et al., 2011; Naraoka et al., 1999; Shimoyama et al., 1989) and other 
studies uncovered evidence of aromatic di-carboxylic acids on meteorites (Pizzarello et al., 
2001). The extraction of lipid-derived carboxylic acids often involves the use of volatile 
organic solvent (Bligh and Dyer, 1959) and the highly polar nature of carboxylic acids 
prevent direct GC analysis. Further derivatisation work is required to enhance 
chromatographic separation, however this step increases the likelihood of artefact 
formation (Št’ávová et al., 2011). 
1.2.4.4. Hydrocarbons 
 
Hydrocarbon is a broad term which covers the aliphatic hydrocarbon, isoprenoidal 
hydrocarbon, aromatic hydrocarbon, hopanes and steranes. On the cellular level 
isoprenoidal hydrocarbon, hopanes and steranes could be found embedded within the lipid 
membranes of eukaryotic and bacterial cells (Summons et al., 2006). The discovery of 
steranes in Archean fossil of biological lipids provided compelling proof that eukaryotes had 
existed long before the previously estimated time (Brocks et al., 1999). As these lipid 
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membranes modifiers share common biosynthetic pathways (Abe et al., 1993) their 
presence can, to some degree, tell a story about the biota of a particular environment. The 
hydrocarbon indicators become increasingly popular in the quest to locate organic matter 
from bacteria or eukaryotes such as plants in both sediment and petroleum. Polyaromatic 
hydrocarbons (PAHs) are not known to have any biological roles but could be the prebiotic 
resources for the formation of biological polymers essential for the development of 
protocells (Ehrenfreund et al., 2006). The extracted hydrocarbons can be analysed without 
derivisation or specialised chromatography column due to low polarity and moderate to 
high volatility of this class of compounds.  
1.2.4.5. Stability of biomarkers 
 
Macromolecules arise from amino acids or simple sugar units are not immune to 
degradation as shown in previous laboratory studies (Schroeder and Wolfenden, 2007; 
Wolfenden et al., 1998). These degradation processes can take up to hundreds of years or 
millions of years in a real life scenario in the complete absence of biological catalytic 
enzymes and the process is inevitable. Similar phenomenon was observed for short-chained 
carboxylic acids in the studies. Lipid hydrocarbons like hopanes in fossil organic matter are 
said to be very resistant to degradation (Tritz et al., 1999). The likelihood of finding lipid 
hydrocarbons on Mars is therefore high in comparison to other classes of compounds 
(Sephton et al., 2013). 
1.2.5. Mars landing sites and their geochemistries 
 
Improving extraction requires a knowledge of the mineral hosts in which the potential 
organic matter is hosted. Fortunately Mars missions have improved our knowledge of Mars 
surface materials. 
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1.2.5.1. Chryse Planitia 
 
The landing of Viking 1 on Chryse Planitia on July 20 1976 (Soffen and Snyder, 1976) 
symbolised the very first human effort to explore the geology of Mars. The topography of 
the landing site was described as being covered with scarps and ridges (Binder et al., 1977). 
These scarps and ridges were shaped by the flowing motion of volcanic molten rock and 
igneous rocks can be found in the vicinity of the landing site. The surface materials are 
yellowish brown in colour which could be attributed to the presence of limonite 
(FeO(OH).nH2O) (Huck et al., 1977). The uppermost layer of the Martian regolith contains 
high concentration of Si, Fe, Mg, Al, Ca and Ti. Traces of Sr, Y and Zr could be found at 
concentration below 100 ppm. Sulphur is even more abundant than the inorganic elements 
and the concentration of potassium appear to be much less than that in the Earth’s crust 
(Clark et al., 1976). 
1.2.5.2. Utopia Planitia 
 
Upon landing on the Utopian plain two months after its twin Viking 1, the Viking 2 lander 
began capturing strangely fascinating images of Mars. Utopia Planitia resembles a periglacial 
topography with its scalloped depressions (Ulrich et al., 2010), small sized polygons 
(Séjourné et al., 2011) and pingo like mounds (Soare et al., 2005). These features suggest 
the presence of ice rich permafrost. The scalloped depressions show many bright bands that 
form series of steps and some of these bands are said to be exposed sedimentary layers 
(Séjourné et al., 2012). Inorganic minerals were detected around Mars’ Utopian Plain by 
Mars Odyssey gamma ray spectrometer. The concentrations of K, Fe, Si, Th in weight 
percentage are very similar to other areas of Mars. However, the concentration of Ca is 
particularly low around the Utopian plain (Taylor et al., 2010). 
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1.2.5.3. Gusev Crater 
 
The crater is a dry lake and was formed by floodwater that once flowed from the Ma’adim 
Valles (Erickson et al., 2007). More than 3.5 billion years ago the Gusev crater was the 
accumulation point of 15 100 km3 of sediment (Irwin et al., 2002). It has been suggested 
that the rocks around this area could be hosting chemolithotrophic microorganisms (Bost et 
al., 2012). The surrounding volcanic plain is the source of dark, fine-grained vesicular rocks 
(Golombek et al., 2006). The elemental composition of rocks and soils analysed by Alpha 
Particle X-Ray Spectrometer (APXS) showed the presence of iron, titanium oxide and non-
metal elements such as bromine, chlorine and sulphur (Fairén et al., 2009). Silica rich soil 
and hydrated minerals were also discovered by the rover (Rice et al., 2010). The finding of 
phyllosilicates and carbonates around the floor of Gusev crater by near infrared imaging 
spectroscopy (Carter and Poulet, 2012) provided more information about the past aqueous 
environment of the crater and different types of smectites. 
1.2.5.4. Meridiani Planum 
 
The surface soil at Meridiani Planum is very similar to the soil of the Gusev crater (McGlynn 
et al., 2012). Mössbauer instrument identified 15 different minerals which includes iron (III) 
bearing jarosite and iron oxides in rocks that cover the surface and the craters on the 
Meridiani plain (Squyres et al., 2004). In many places the surface of the Meridiani plain was 
covered in spherically shaped rocks which are composed of predominantly haematite 
(Klingelhöfer et al., 2004). Alpha particle X-ray spectrometer was able to detect high 
concentrations of phosphorus in the sulphate rich rocks (Greenwood and Blake, 2006). The 
discovery of gypsum at the Endeavour crater by Opportunity rover (Squyres et al., 2012) 
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together with the detection of high concentration of phosphorus could be the signs of the 
past habitable conditions in which the biota had possibly thrived (Jepsen et al., 2007). 
1.2.5.5. Northern polar region 
 
The Phoenix landing site exhibits a periglacial landscape (Mellon et al., 2009) with the 
presence of bulging polygons. The images of the cloddy soil was captured. Cloddy soil could 
be the result of cementation by carbonates and other salts mixing with water. Moreover the 
landscape is deflated with the absence of ripples or dunes (Smith et al., 2009). Experimental 
evidence of oxidant perchlorate (ClO4) was obtained by the Phoenix lander around the polar 
region (Kounaves et al., 2010). Chloride, bicarbonate, sulphate, magnesium, sodium, 
potassium and calcium were also detected. The soil around this area has a pH of 
approximately 7.7. Subsurface ice was found by the Phoenix rover as predicted by Odyssey 
orbiting spacecraft (Schorghofer and Forget, 2012). 
1.2.5.6. Gale Crater 
 
In August 2012 Curiosity rover landed safely on the Aeolus Palus in the Gale Crater (Edgett 
et al., 2012). The Gale crater is a 155 km diameter impact crater which hosts a total volume 
of about 1.7 × 104 km3 of sedimentary material (Thomson et al., 2011). This sediment sink 
houses clay and sulphate bearing rocks (Edgett et al., 2012) and they could be the excellent 
host of organic matter on Mars. 
1.2.5.7. Jezero crater 
 
Jezero crater is a 45 km diameter impact crater with interior sedimentary facies and 50 km 
long outlet system located in the Nili Fossae region of Mars (Fassett and Head, 2005). A 
network of valleys and a single sedimentary assemblage were identified (Schon et al., 2012) 
where aqueous alteration products such as phyllosilicate clays and carbonates have been 
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detected by near infrared spectroscopy (Ehlmann et al., 2008b) (Figure 1.9). It has been 
suggested that these sediment materials were transported and deposited in the crater by 
liquid water from a smectite-rich catchment during the late Noachian period (Ehlmann et 
al., 2009). Clay minerals are usually associated with organic matter preservation and Jezero 
crater is one of the very few lake basins that has the right conditions to host organic matter 
(Ehlmann et al., 2008a), therefore it is a potential site to search for organic life indicators. 
1.2.6. Discussion 
 
The photographs taken by the High Resolution Stereo Camera (HRSC) on the Mars Express 
spacecraft provide evidence of the ancient fluvial-lacustrine environment in the Nili Fossae 
region of Mars more specifically around the Jezero crater. Type I organic matter bearing 
sedimentary rock is inherently associated with lacustrine environment. The past studies of 
organic matter in sedimentary deposits on Earth have shown a close relationship between 
the presence of clay minerals and the preservation potential of organic biomarkers. This 
adsorption-preservation process could be in operation on Mars. If life had existed on Mars 
in its near or distant past, then aliphatic hydrocarbons similar to the ones found in type I 
source rock would be the most likely biomarkers to survive the current inhospitable 
conditions owing to their high preservation potential. 
The high abundance of sulphate and iron (III) minerals on the surface of Mars at Gale crater, 
Meridiani Planum and northern polar region leaves little chance to unadapted simple life 
form to survive. However it is thought that biologically adjusted extremophiles can be found 
beneath the surface (Parnell et al., 2007).  Sulphate participating iron biogeochemistry is 
possibly controlling extant microbial life on Mars. Iron (III) and sulphate minerals can also be 
sheltering and preserving biomolecules of extinct life forms. An experimental study of 
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terrestrial samples rich in these minerals can shed light on the habitability of the extreme 
environments.  
A good extraction technique is always sought after in any analytical work and it can very 
much determine the outcome of the analysis. In the search for biomarkers specifically 
hydrocarbons in rock and soil all three techniques produced satisfactory results. However 
organic solvent technique requires considerable amount of time and often consumes large 
quantity of solvent. The volatility of organic solvent poses a risk of losing hydrocarbon 
analyte and this will be an issue on Mars whose atmospheric pressure is only 1 % of Earth’s 
(Phoenix Mars Mission, University of Arizona). Extraction efficiency of surfactant system still 
very much depends on several parameters such as the solvent system, the ratio of co-
solvating agent in the total solution and the choice of surfactant used. The extraction 
efficiency of 30 % (Court et al., 2010) can only be described as intermediate at best. The 
degradability of surfactant was raised in the past studies (Court et al., 2014). The presence 
of perchlorate in Martian rocks (Hecht et al., 2009) can be detrimental to the extraction 
performance of chosen surfactant molecules. Subcritical water extraction system makes use 
of pure water as the principal solvent and the polarity of water can be fine-tuned by 
controlling the temperature and pressure. It has been shown that subcritical water can 
extract polycyclic aromatic hydrocarbons from geochemical samples with reasonably good 
yields. Subcritical water can tolerate different additives such as nitric acid in the case of 
metal extraction or surfactants to boost the extraction of PAHs. Up to now, there are only a 
handful of studies conducted to look at extraction of aliphatic hydrocarbons. Aliphatic 
hydrocarbons such as phytane and pristane which were detected in meteorites (Sephton, 
2001) could be the only surviving biosignatures on Mars owing to their high chemical 
stability. Previous studies had very limited success in the extraction of these hydrocarbons 
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using subcritical water at very high temperature (Akinlua and Smith, 2009; Ogunsola and 
Berkowitz, 1995). An operational subcritical water system that can extract these recalcitrant 
biomarkers at lower temperature is highly desirable and the addition of chemical reagents 
in the extractant can be a worth exploring approach in the future study. 
 
 
Figure 1.9. Overview of Jezero crater with valley networks and outlet channel (Schon et al., 2012). 
1.2.7. Conclusion 
 
Pressurised hot water is a good extractant to remove PAHs from soils and rocks with good 
yields but little work has been done on the extraction of aliphatic hydrocarbons. The most 
important parameter in hot water extraction is temperature and correct fine-tuning of 
temperature can have a direct consequence on the yield of the analytes of interest. 
Organic solvent extraction can be performed in various ways e.g. microwave assisted or 
ultrasonication. The performance of each method can be limited by several factors such as 
frequency, choice of solvent and extraction time. Apart from that, it is a great extraction 
method with high yield. 
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Surfactant assisted extraction is an alternative method of extraction that comes with fairly 
acceptable efficiency. However, surfactant is susceptible to degradation therefore proper 
storage will be strictly required. Low toxicity and cost-friendliness are the upsides of this 
technique. 
The capability of subcritical water to extract aliphatic hydrocarbons at lower temperature 
and pressure should be experimentally explored. The degree of success of future studies 
could make the system more affordable and attractive to future space missions. 
1.3. Instrument status  
 
The subcritical water extraction system was not operational at the time this literature 
review was being written. The stainless steel unit including the main reaction chamber was 
still being manufactured. As part of the research work, the author of this thesis was required 
to discuss with senior technician Graham Nash about the status and working conditions of 
the system on a regular basis. The author was required to take part in Pressure Fittings 
Installation training, this was considered essential as it familiarised the individual with high 
pressure system.   
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Chapter 2 – Experimental 
 
2.1. Introduction to experimental methods 
This laboratory based project involved a range of solvent based extraction methods and 
different analytical precision instruments. These methods and instruments as well as their 
purpose are described in this study.    
2.2. Samples 
2.2.1. Samples 
Organic rich sedimentary rocks: 
Organic matter bearing sedimentary rocks (Figure 2.1) were used in subcritical water 
extraction experiment as explained in section 4.2.1. The outcomes of the study help to 
predict the responses of potential biotic as well as abiotic organic compounds on Mars.  
 
Figure 2.1. Type I source rock Lower Carboniferous shale from Port Edgar, Midland Valley Scotland, UK (left). 
Type II source rock Upper Jurassic shale from Kimmeridge Clay, Kimmeridge Bay, UK (middle). Type III source 
rock Upper Carboniferous high volatile bituminous coal from Daw Mill, Warwickshire, UK (right). Each source 
rock represents different organic matter source and deposition environment. Type I source rock contains 
predominantly algal remains buried in lacustrine setting. Type II source rock is known to contain aliphatic, 
aromatic compounds and therefore they reflect contribution from both algal/microbial and land derived 
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organic materials. Type III source rock contains mostly aromatic and polar compounds derived from terrestrial 
plant organic matter. These rocks were washed and crushed in agate pestle and mortar followed by subcritical 
water extraction. 
Heavy oil sand: 
Subcritical water extraction of oil containing mineral matrix (Figure 2.2) represents the spin-
off benefits of space related research.  
 
Figure 2.2.  Oil stained sandstone sample was collected at Bencliff Grit, Osmington Mills, Dorset UK. Oil sand is 
known to be rich in aromatic and polar components alongside saturated hydrocarbons. 
Iron and sulphate rich samples: 
Mineral rich samples collected from low pH watercourse (Figure 2.3) were treated with 
subcritical water and the experimental findings reported in chapter 6 and 7 showed that 
inhospitable environment can sustain simple life forms and advanced living materials.  
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Figure 2.3. Detection of gypsum and jarosite on Mars led to the speculation that Mars was once a water logged 
environment. Water is essential for life therefore these discoveries substantiate the hypotheses that Mars 
could have had life in the past. These sulphate minerals could still be sheltering a diverse range of degradation 
products of extinct microbiota. The samples above represent an effort to study a potential organic bearing 
region on Mars based on an earthly system. They were collected from a sulphate rich stream in St. Oswalds 
Bay, Dorset, each sample was given an identification code according to their sampling location, mineral 
content as well as biological material it was hosting. Limited information is available about these samples as 
the author of this thesis does not own the copyright to release the information. 
2.2.2. Spiked sample 
Mars regolith simulant 
Recovery of laboratory standard materials from Martian soil analogue (Figure 2.4) using 
subcritical water was reported in chapter 3.  
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Figure 2.4. JSC Mars-1 is weathered volcanic ash from Island of Hawaii and was used in the first study of the 
project (chapter 3). It has been repeatedly cited as close spectral analogue to the bright region of Mars 
Olympus-Amazonis. JSC Mars-1 has the composition of 43.5 % SiO2, 23.3 % Al2O3, 3.8 % TiO2, 15.6 % Fe2O3, 0.3 
% MnO, 6.2 % CaO, 3.4 % MgO, 0.6 % K2O, 2.4 % Na2O, 0.9 % P2O5  (Allen et al. 1998). 
The first experimental study in this project was a comparison of three different extraction 
methods. In order to measure their extraction efficiencies known amounts of representative 
organic standards was added to a well characterised Mars analogue material. This study 
utilised JSC Mars-1 which is an altered volcanic ash derived from a cinder cone on the Island 
of Hawaii. Physical characterisation of this analogue has been performed before and 
comparison has been made between this sample and the actual Mars samples collected by 
the Viking Landers as well as the Pathfinder rover (Allen et al. 1998). 
2.3. Extraction methods 
2.3.1. Organic solvent extraction  
 HPLC grade dichloromethane (DCM) and methanol (MeOH) were sourced from Fisher 
Scientific, UK. Three ml of 93:7 DCM:MeOH was added to the sample target before 
sonication using an Sonics & Materials Inc. (USA) VCX-130 Vibra-Cell™ ultrasonic processor 
with a maximum frequency of 20 kHz for 10 minutes at room temperature, followed by 
centrifugation for 5 minutes at 2500 rpm to settle suspended particles of the sample. The 
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solvent supernatants were combined and the total extract was filtered using syringe filters 
possessing polytetrafluoroethylene (PTFE) membranes with a 0.2 µm pore size. A stream of 
nitrogen gas was used to evaporate the supernatant to dryness before reconstitution with 
DCM and transfer to 2 mL gas chromatography vials for analysis. 
2.3.2. Surfactant extraction  
Surfactant polysorbate 80 (Figure 2.5) was purchased from Acros Organics (New Jersey, 
USA). Pure water was prepared on an Elga Ultra-pure Water Maxima water purification 
system. Surfactant polysorbate 80 concentrations of 1.5 mg/mL in 20:80 methanol: water 
(vol) were used to extract organic compounds (Court et al., 2010b). The samples were then 
sonicated, isolated and filtered in the similar fashion to solvent extraction. Three ml of DCM 
was added to the surfactant solution extracts and the mixture sonicated for 3 minutes 
followed by centrifugation for 5 minutes at 2500 rpm to settle suspended JSC Mars-1. The 
mixture was then transferred to separating funnels to which 1 mL of DCM was added. The 
surfactant solution and DCM mixtures were allowed to stand with the dense DCM settling as 
a bottom layer that was readily separated using a separating funnel. The surfactant solution 
was subjected to this liquid-liquid extraction another two times.  The collected DCM layers 
were combined and evaporated under a stream of nitrogen. 
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Figure 2.5. Representative structure of a single polysorbate 80 surfactant molecule. Water based solution of 
polysorbate 80 had a concentration of 1.5 mg/mL and was used to extract organic compounds in the first study 
(chapter 3). At the given concentration surfactant molecules coordinate themselves to form spherical 
aggregates, this is to minimise interaction with surrounding water molecules and maintain the lowest energy 
state of the system. This aggregation is surprisingly useful, the outward orientation of the polar heads leads to 
the alignment of the non-polar tails in close proximity to one another and consequently creates a region of low 
polarity. This is the region where organic molecules are captured and homogenised in aqueous solution. 
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2.3.3. Subcritical water extractor 
Subcritical water system consists of three main parts: water pump, gas chromatograph oven 
and collection point (Figure 2.6). Water was first flushed through the entire system and once 
the system was filled with water, the outlet valve and the eluent valve were shut. The oven 
with set temperature was then turned on. To stabilise internal pressure during heating the 
inlet valve remained open during the temperature ramp and for 5 minutes after the set 
temperature was attained. The static extraction time was 20 minutes for 100 oC, 150 oC, 200 
oC, 250 oC and 300 oC temperature steps. At the end of the set time, the eluent valve was 
opened to collect the extract in a large conical flask. The conical flask contained at least 20 
mL of DCM prior to eluent collection allowing analytes to readily partition into the organic 
layer. The aqueous and organic layers were transferred to a separating funnel and shaken. 
The organic layer was then collected in a beaker. 10 mL of DCM was further added to the 
aqueous layer and shaken, the organic layer was again collected in the same beaker. Any 
traces of water in the recovered organic solvent were removed by passing the extract 
through anhydrous magnesium sulphate (Fluka, Japan puriss grade ≥98 % purity). DCM 
layers were reduced in volume using a rotary evaporator to prepare for further analysis. 
The temperature of the oven was measured against the temperature of the subcritical 
water reaction chamber using a calibrated thermocouple (RS Components Ltd 3754). There 
was +5 oC difference between oven temperature reading and thermocouple reading. To 
compensate for this difference, the oven’s temperature was always adjusted to match the 
internal temperature of the reaction chamber i.e. oven’s temperature reading of 305 oC is 
equivalent to the experimental temperature of 300 oC. 
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Digital pressure indicator (Druck Limited DPI 280, Fir Tree Lane, Groby, Leicester, England) 
was used to measure internal pressure of reaction chamber in every experimental study of 
this project. The reading on the pressure meter was directly compared to the pressure 
reading on the water pump. A difference of +4 psi of pressure between the water pump and 
the reaction chamber was recognised i.e. 1500 psi reading on the water pump is equivalent 
to 1504 psi reading on the pressure meter connected close to the reaction chamber. As such 
a minor difference should not significantly alter the physical and chemical behaviour of 
subcritical water, therefore countermeasure was not necessary.  
Figure 2.6. The schematic of SCWE system which illustrates the three main components of the instrument. The 
syringe pump takes pure water from the reservoir and fills up the extraction system which is confined to a gas 
chromatograph oven. The water first passes through a pre-heating coil at set temperature before entry to the 
extraction chamber. Following the exposure to high temperature, hot extract was channelled to the cooling 
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coil where cooling occurred swiftly. The extract is then collected at the end of the eluent valve into a flask of 
organic solvent. 
2.3.4. Quantitative analysis 
Squalane is a saturated branched chain alkane and was selected as an internal standard in 
this project (Figure 2.7a). This compound has very high ionisation potential around 10 
electronvolts (eVs). The mass spectrometric response of this compound is similar to the 
responses of other alkanes, aldehyde, ketone, ester, carboxylic acids and therefore is used 
to quantify the unknown amounts of those compounds. 
P-terphenyl is very π electrons rich (Figure 2.7b) and therefore the ionisation potential is 
low around 7.78 eVs, for this reason quantitation of heterocyclic aromatic hydrocarbons, 
hydroxylated benzenes and their derivatives is based on the known amount of added p-
terphenyl. 
 
Figure 2.7. Squalane (A) is a 30 carbons long compound useful for the quantitation of saturated long chain 
hydrocarbons. P-terphenyl (B) is an aromatic compound and therefore it was used in the quantitation of 
aromatic compounds. 
 2.3.5. Spiking standards  
The standards represent a number of different molecules and molecular shapes that 
represent possible biomarkers for abiotic organic matter, extant life constituents or fossil 
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organic markers of past life, informed by our terrestrial experiences of biochemistry and 
geochemistry (Figure 2.8). 
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Figure 2.8. Structural illustration of the compounds which were used in the first experimental study. A) 
Hexadecane B) Anthracene C) Pyrene D) Phytane E) Squalene F) Stigmasterol G) Coprostane H) Atrazine. 
 2.4. Analytical techniques 
2.4.1. Gas chromatography-mass spectrometry (GCMS) 
Analyte separation was achieved using an Agilent Technologies G3172A gas chromatograph 
fitted with an Agilent HP-5MS column (29.55 m x 250 µm x 0.25 µm) (Figure 2.9). Helium 
carrier gas flow rate was 1.1 mL/min. Injection volume was 1 µL and injection mode was 
splitless. The front inlet temperature was 250 oC and the oven temperature programme was 
held for 1 minute at 50 oC followed by a temperature ramp of 4 oC min-1 to 310 oC, where the 
temperature was held for 20 minutes. Total run time was 86 minutes. Analyte identification 
was performed using an Agilent Technologies 5973 Mass Selective Detector set on full scan 
for a mass range from 50.0 to 550.0 amu. The ionisation source temperature was 
maintained at 230 oC and mass analyser quadrupole temperature was 150 oC. A nine minute 
solvent delay was employed. Mass spectra were interpreted by reference to the NIST 2008 
mass spectral database. The results are quantitative in that the intensity of an ion is a 
measure of the response of a compound to the conditions in the mass spectrometer and 
quantitation relies on comparisons of the relative abundances of compounds or standards 
present in similar amounts and with similar ionisation efficiencies. This GCMS method was 
developed, optimised and used in previously published hydrocarbons studies (Court et al., 
2010; Court et al., 2012a; Court et al., 2012b).  
  
91 
 
 
Figure 2.9. Gas chromatography is an analytical technique used to separate individual components in a 
complex mixture. The autosampler syringe draws 1 µL aliquot from the chromatography vial and inject the 
mixture into an inlet where compounds of interest are volatilised. The gas phase analytes are introduced into a 
capillary column where they adsorb onto the stationary phase coating material. The adsorption process 
depends on the polarity and volatility of each individual compound. A carrier gas (mobile phase) sweeps 
through the column and cause the compounds to desorb from the stationary phase. The strength of analyte – 
stationary phase interaction determines the length of time a compound is retained on the stationary phase. 
The desorbed compounds enter the transfer line (trap) where they are concentrated into narrow bands. The 
concentrated band of each compound enter the ionisation chamber where the analytes acquire an electrical 
charge as the result of high energy electron collision. The mass and charge of each compound determine their 
stability as they travel through the mass filter and hence detectability.   
Gas chromatography mass spectrometry is a hyphenated technique which involves injecting 
an aliquot of mixture into a capillary column where the coated stationary phase interacts 
with chemical components in the mixture. This interaction depends on a number of factors 
such as boiling point, polarity and flow rate of mobile phase. Mass spectrometry is an 
identification technique which relies on the different masses of different molecules and the 
number of charges they carry following the ionisation step. This mass to charge ratio directly 
influences the ions’ stability as they traverse across an applied electrical field, molecular 
identification can therefore be made based on known value of alternating electrical field 
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and detection of stable ions. This hyphenated technique was used throughout the entire 
project.   
2.4.2. Infrared attenuated total reflection spectroscopy (IR-ATR)  
IR-ATR was used in the third study of heavy oil sand subcritical water extraction to 
characterise the remaining hydrocarbons in precipitated asphaltenes. Changes in mineral 
composition of iron and sulphate rich samples were also characterised by this spectroscopic 
technique (Figure 2.10). 
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Figure 2.10. Infrared attenuated total reflection spectroscopy instrument (top) and the operating mechanism 
(bottom). Solid sample is placed on the sample slot where it comes into contact with a diamond crystal. The 
incident infrared (IR) beam enters the crystal and bounces off the internal surface of the diamond multiple 
times. A proportion of the energy of the IR beam is absorbed by the solid sample. Absorbed energy, expressed 
in wavenumbers, corresponds to different functional groups of one or various compound(s) present in the 
solid sample. The unabsorbed IR energy heats up the deuterated triglycine sulphate detector and a small 
voltage is generated. 
Infrared spectroscopy is a spectroscopic technique in which infrared radiation is used to 
excite vibrational motions of ionic lattices and covalently bonded molecules. The difference 
in energy, expressed in wavenumber cm-1, between incident radiation and transmitted 
radiation is associated with a particular vibrational mode of a covalent bond or ionic lattice. 
In covalently bonded molecules, the vibrational modes are almost entirely governed by the 
reduced mass effect which itself is the result of two different atoms being held in place by a 
chemical bond. Ionic lattice vibration is not as pronounced as molecular vibration and 
therefore absorption bands usually occur at low wavenumbers around 1000 cm-1.  
Background scan of carbon dioxide was first collected and file of this scan was loaded up. 
Sample was first placed on diamond crystal plate, pressure can be applied from swivel 
pressure tower. ATR spectra were collected in the range 4000 – 525 cm-1 with 128 scans per 
sample at spectral resolution of 4 cm-1. After each sample analysis the plate was cleaned 
with precision wipe (KIMTECH SCIENCE –Kimberly-Clark Professional) and toluene. Each 
analysis was repeated three times and background spectrum was automatically subtracted 
from the sample spectrum.  The instrument was operated in single-reflection mode using 
Smart Orbit ATR analysis.This method follows very closely the infrared spectroscopy (IR) 
method used in previously published study (Montgomery et al., 2013).  
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2.4.3. X-ray diffraction (XRD) 
Mineral phases of fresh and extracted samples were analysed by X-ray diffractometer 
PANalytical X’Pert Pro MPD where copper was used as X-ray source (Figure 2.11). Operating 
conditions were 45 kilovolts (kV) and 40 milliamps (mA). Primary monochromator (Ge 111) 
was used to filter out unwanted radiation and direct K-alpha 1 radiation at the sample. 
Analysis was carried out in transmission geometry using 1/32 o divergence slit. Data was 
collected with X’Celerator using active length 2 where 2 = 2.122 o. Sample was rotated at 
the rate of 30 rpm during the analysis. Scan range was between 5 o and 97 o expressed as 2, 
counting time was 1800 seconds per step, step height was 0.017 o. Phase identification and 
quantitation were performed on X’ Pert software, percentage error for mineral phase less 
than 10 % is ±1 % and mineral phase more than 10 % is ±5 %. 
 
Figure 2.11. The drawing of an x-ray diffractometer which consists of an x-ray generator, collimator, sample 
holder, filter and detector. X-ray electromagnetic radiation is generated from a copper source. The collimator 
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filters the generated X-ray to a single wavelength and directs it to the mineral sample. The inner shell electrons 
of the mineral ions are removed from the parent ions. The energy of the freed electrons determine their 
interaction pattern. Collimator and filter focus the beam of electrons and direct it towards the detector. 
Mineral composition interpreted by reference to the existing XRD library.  
X-ray diffraction is a mineral composition characterisation technique. In a mineral matrix, 
ions are arranged in repeating three-dimensional pattern called a lattice. This arrangement 
gives rise to different electron density and inter-planar spacing. The spacing between 
equivalent planes of atoms can vary from 4 to 11 angstrom (Å) (10-10 m) depending on the 
ionic species involved in the 3D arrangement. Characterisation of the crystal lattice can be 
achieved by passing waves of electromagnetic radiation of wavelength similar to the inter-
planar spacing. On the electromagnetic spectrum, X-ray satisfies this requirement with a 
wavelength ranging from 0.01 to 10 nanometers (10-9 m). The wave-particle duality of X-ray 
allows it to penetrate through this spacing and dislodge inner shell electrons of the ions. The 
liberated electrons produce an array of spherical waves that can either cancel out or amplify 
one another, this is known as a diffraction pattern. The occurrence of constructive 
interference is the function of diffraction angle 2, the intensity of diffraction is converted 
to count rate and plotted against diffraction angle from 6 o to 97 o. The collected spectrum is 
compared to the library of known minerals. This mineral characterisation technique was 
used in two studies of iron and sulphate rich samples to explore the mineral-altering effect 
of subcritical water.  
2.5. Analytical data assessment 
In chapter 3, extraction was performed in triplicate. Three different sets of organic 
compounds standard were used for GCMS calibration. One mL of the standard solution 
represented the masses (in µg) of 19.4, 114.4, 20.5, 6.8, 20.6, 118.9, 19.9, and 2.4 for 
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coprostane, hexadecane, pyrene, atrazine, anthracene, squalene, stigmasterol and phytane 
respectively. The peak areas of organic compounds in standard solutions were also 
measured for calculation of masses of extracted analytes. This approach was adopted in 
previously published studies involving the same set of organic compounds (Court et al., 
2010; Court et al., 2012a; Court et al., 2012b). Reproducibility of each extraction technique 
was evaluated and discussed in chapter 3. 
Limit of detection of coprostane, hexadecane, pyrene, anthracene, squalene are well below 
0.3 µg/mL while limit of detection of atrazine is around 0.3 µg/mL (Appendix 3). Phytane 
was not included in limit of detection analysis due to short supply. Stigmasterol is known to 
perform badly during chromatographic separation therefore their response can vary even at 
high concentrations (1 µg/mL and 3 µg/mL) (Appendix 3). 
The highly complex organic inventories of sedimentary rocks and time constraints prevented 
thorough investigation of limit of detection (LOD) associated to each individual compound in 
chapter 4 and 7. Quantitative analyses therefore relied on the addition of internal standards 
of known masses to the extracts (section 2.3.4). Yields of extracted compounds in chapter 4 
and 7 were calculated using the following approach: 
Mextracted = (Rextracted/RIS) x MIS 
Where Mextracted = mass of extracted compound, Rextracted = response (peak area) of extracted 
compound, RIS = response of internal standard, and MIS = mass of internal standard. 
Reproducibility of solvent extraction and subcritical water extraction of each sedimentary 
rock type was calculated and expressed as standard deviation of percentage extractable 
organic matter (% EOM) in chapter 4.  
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IR-ATR analytical method in chapter 5 and 7 followed very closely the infrared spectroscopy 
(IR) analysis steps taken in Wren et al. (2013) study. Spectra of carbon dioxide were 
acquired before main analysis and subsequently subtracted from the spectra of the 
analysed samples. Analyses were conducted in triplicate. Reproducibilities of tabulated peak 
height ratio can be found in Appendix 5.  
XRD analyses were outsourced to X-ray division of the Natural History Museum, London 
(NHM). The length of time required for a thorough quantitative XRD analysis depends on the 
sample size and overall peak intensities of the XRD pattern determined in a pre-experiment. 
The maximum peak intensities differ from sample to sample but should be ideally in the 
range between 1000-3000 counts. Due to the high number of instrument users the NHM 
laboratory was unable to perform triplicate analyses. 
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Chapter 3 - Extracting organic matter on Mars: a comparison of 
methods involving subcritical water, surfactant solutions and 
organic solvents 
Abstract 
The first step in many life detection protocols on Mars involves attempts to extract or 
isolate organic matter from its mineral matrix. A number of extraction options are available 
and include heat and solvent assisted methods. Recent operations on Mars indicate that 
heating samples can cause the loss or obfuscation of organic signals from target materials, 
raising the importance of solvent-based systems for future missions. Several solvent types 
are available (e.g. organic solvents, surfactant based solvents and subcritical water 
extraction) but a comparison of their efficiencies in Mars relevant materials is missing. We 
have spiked the well characterised Mars analogue material JSC Mars-1 with a number of 
representative organic standards. Extraction of the spiked JSC Mars-1 with the three solvent 
methods provides insights into the relative efficiency of these methods and indicates how 
they may be used on future Mars missions. 
3.1. Introduction 
3.1.1. Search for organic matter on Mars 
The search for life on Mars employs techniques that rely on the detection and 
characterisation of organic matter. To date, no confirmed detection of in situ organic matter 
on Mars has occurred. Yet the efficiency of organic detection and characterisation 
techniques that can operate on Mars may be assessed by examining their use on samples 
containing organic matter on Earth. The most convincing organic analyses are those in which 
the organic target materials are isolated from their mineral matrix, necessitating some form 
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of extraction process. Perhaps the simplest approach is to use heat to liberate organic 
entities but there is a growing awareness that this approach may initiate mineral 
decomposition and secondary reactions that can obfuscate the sought after organic data 
(Abe et al., 1993; Navarro-González et al., 2010; Steininger et al., 2012). A more involved 
protocol involves the use of a solvent to selectively dissolve the organic targets in a medium 
that enables transfer and downstream analysis. Several types of solvent system are 
available and each has advantages and disadvantages for operation on Mars. It should be 
noted that minerals can retain a fraction of any target analyte precluding complete removal 
from a mineral matrix (Sephton et al., 2013). 
3.1.2. Organic solvent extraction  
Extraction using organic solvents is the standard method in analytical assays that target non-
polar organic matter in terrestrial materials. Applications include environmental samples 
(Tor et al., 2006), active ingredients of foodstuffs (Fang et al., 2005) and characterisation of 
naturally-occurring polymers for industrial applications (Amnuaypornsri et al., 2010). 
Organic solvent extraction, in general, offers great efficiency (Bradburn et al., 1995; Guerin, 
1999; Qian et al., 2000; Shen and Shao, 2005) and reproducibility (Berset et al., 1999). The 
efficiency of organic solvent extraction also relies on several parameters such as solvent 
polarity, agitation, ultra-sonication, extraction duration, and temperature. Moreover, mixed 
solvent systems can be utilised in some assay extraction methods (Rezić et al., 2005) and the 
ratio of each solvent in the mixed solvent system can be modified to influence the yield (Kuk 
et al., 2005). 
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3.1.3. Surfactant assisted extraction 
Surface active agents or “surfactants” can be added to water to reproduce some of the 
features of organic solvent extraction.  The versatility of surfactant based extraction has 
been proven in different areas ranging from soil remediation (Chu and Chan, 2003; Villa et 
al., 2010), waste water analyses (Zou et al., 2012), to petroleum geoscience where 
constituent organic compounds in petroleum source rock, such as naphthalene and 
phenanthrene, can be extracted using non-ionic surfactant solutions (Akinlua et al., 2012).  
Surfactant solutions were studied as potential solvents for the Life Marker Chip (LMC) which 
is a Mars life detection strategy (Sims et al., 2012). Surfactant solutions solve the problem of 
extracting non-polar hydrocarbons from Martian samples in water based solvent while at 
the same time providing a friendly environment for the antibody based detectors (Court et 
al., 2010a). Experimental work has demonstrated that the non-ionic surfactant polysorbate 
80 is able to extract spiked aliphatic and aromatic hydrocarbons from the Martian soil 
analogue JSC Mars-1 (Court et al., 2010a). Further work has indicated how other surfactant 
solutions can obtain similar results to polysorbate 80 (Court et al., 2012). 
3.1.4. Sub-critical water extraction 
Subcritical water can be explained as a liquid whose temperature is above 100 oC and below 
374 oC, with enough pressure to maintain the liquid state but not exceeding 22.05 MPa 
(Sereewatthanawut et al., 2008). During subcritical water extraction, the polarity of water 
can be altered by fine-tuning the pressure and temperature (Table 3.1) (Amashukeli et al., 
2008; Aubrey et al., 2008). The efficacy of subcritical water extraction for isolating organic 
compounds has been used to extract organic pollutants from environmental solids 
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(Hawthorne et al., 1994), harmful dioxins from soil (Hashimoto et al., 2004) and antioxidants 
from fruits and vegetables (Garcia-Marino et al., 2006; Singh and Saldaña, 2011). 
Table 3.1. A comparison of subcritical water dielectric constants at various temperatures and 20 MPa with 
common organic solvents at room temperature and pressure (after (Amashukeli et al., 2008). The polar nature 
of water decreases with increasing temperature while pressure is being exerted on the heated medium. 
Subcritical water at 20 MPa  Organic solvents at 25 oC and 0.1MPa 
Temperature Dielectric 
constant 
 Solvent type Dielectric constant  
25 oC 78.5  Water 79.5 
85 oC 59.7  Formic acid 58.0 
145 oC 45.4  Dimethtylsulfoxide  47.0 
185 oC 37.8  Acetonitrile 37.0 
225 oC 31.5  Methanol 32.6 
275 oC 24.2  Ethanol 24.6 
325 oC 17.5  Acetone 20.7 
 
Subcritical water extraction has also been tested as a method of extracting organic 
compounds on Mars. Subcritical water was the intended extraction method for the Urey 
instrument (Bada et al., 2005; Aubrey et al., 2008) and a prototype of the extraction system 
was used to isolate amino acids from a  soil sample of the Atacama Desert which acted as a 
Mars soil analogue (Amashukeli et al., 2008; Amashukeli et al., 2007). 
3.1.5. Purpose of this study 
This study aims to provide a comparison of extraction efficiencies between three techniques 
that could be used to isolate organic matter on Mars, namely organic solvent, surfactant 
solution and subcritical water-based extraction methods. The data represent the first ever 
quantitative comparison of the fidelity and extraction efficiency of this suite of key 
preparative steps for the detection of past or present life on Mars. Results from this study 
will influence future instrument design for missions intended to operate on the red planet 
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or for possible analysis of materials eventually returned to Earth as part of a Mars Sample 
Return mission. The relationship between subcritical temperature and solvating power of 
water will be explored. Instrument will be engineered and configured to tolerate optimal 
temperature of subcritical water for repeated usage.  
3.2. Experimental 
3.2.1. Mars analogue material 
Extraction efficiency studies require a standard material of known organic constitution. In 
this study the production of a standard material was achieved by spiking a well 
characterised Mars analogue material with known amounts of representative organic 
standards. Our work utilised JSC Mars-1 which is an altered volcanic ash derived from a 
cinder cone on the Island of Hawaii (Allen et al., 1998). Mineralogically, the altered ash from 
this Hawaiian volcano region is said to bear many similarities to that found on some regions 
of Mars (Guinness et al., 2007). Physical characterisation of this simulant has been 
performed before and comparison has been made between JSC Mars-1 and the regolith 
samples collected by the Viking Landers as well as the Pathfinder rover (Morris et al., 2000; 
Morris et al., 2001). 75 % of the grains of this Mars analogue are larger than 149 µm and 
only 1 % is smaller than 5 µm (Allen et al., 1998). The same batch of Mars JSC Mars-1 was 
used throughout this spiking study. The technique and the methods described below 
associated with organic solvent and surfactant based extraction have been used previously 
(Court et al., 2010, Court et al., 2012) to measure extraction efficiency and similar methods 
have been applied to assess subcritical water extraction in the current study. It should be 
noted that the spiking of standards, while an effective means of comparing extraction 
efficiencies, is not completely representative of the natural situation where organic analytes 
may be occluded or incorporated into the mineral matrix. Moreover the mineralogy of JSC 
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Mars-1, although well characterized (Allen et al., 1998), represents a mixture rather than 
individual minerals; future work could utilise the individual inorganic constituents with JSC 
Mars-1 to help constrain their effect on extraction efficiency. 
3.2.2. Standards 
For the experimental work a series of representative standards were used (Figure 3.1). 
Hexadecane (99 %) was purchased from Sigma-Aldrich (St Louis, MO USA), anthracene (97 
%) from Sigma-Aldrich (Germany), phytane (analytical grade) purchased from Fluka, Sigma-
Aldrich (Norway), stigmasterol (95 %) from Sigma-Aldrich (St Louis, MO USA), squalene (98 
%) from Sigma-Aldrich (Japan), coprostane from Sigma-Aldrich (Norway), pyrene (98 %) 
from Sigma-Aldrich (St Louis, MO USA), atrazine (97.4 %) from Sigma-Aldrich (Riedel-de 
Haën, Germany). The standards represent a number of different molecules and molecular 
shapes that represent possible biomarkers for abiotic organic matter, extant life 
constituents or fossil organic markers of past life, informed by our terrestrial experiences of 
biochemistry and geochemistry. Hexadecane is a derivative of palmitic acid a very common 
component of lipid membrane of all living organisms. Coprostane is a precursor to sterols 
such as stigmasterol and it can be found in eukaryotes as membrane stabilisers. Anthracene 
and pyrene are polycyclic aromatic hydrocarbons (PAHs) and therefore they are members of 
the largest molecular carbon reservoir in the universe. Although PAHs have no biological 
role but they can be formed from biogenic precursors such as sterols and other cyclic 
organic molecules and they can be very resistant to degradation. Phytane is a highly stable 
isoprenoid hydrocarbon and a well known Archaeal lipid membrane component. Squalene is 
an important biomolecule synthesised by eurkaryotes, archaea and some bacterial species. 
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Standards were weighed using an analytical balance up to 4 decimal places (Table 3.2). The 
standards were mixed with 1 L of dichloromethane (DCM) using a volumetric flask and this 
solution was then ready for sample spiking. Samples of JSC Mars-1 of 0.5053 g were spiked 
with 1 mL of solution of the 8 different analytes with the masses indicated in Table 2. After 
spiking, the samples were allowed to dry overnight in a hotbox at 37 oC under an aluminium 
foil cover. Unspiked JSC Mars-1 control samples were also prepared to detect any cross 
contamination of analytes. 
Table 3.2. Masses of standards and JSC Mars-1 used to prepare the spiked samples and the resulting 
concentrations expressed as ppm. 
Analyte Mass of standards 
(µg) in 1 mL DCM 
Concentration of analyte on 
JSC Mars-1 (ppm) 
Hexadecane 114.4 226.4 
Atrazine 6.8 13.5 
Anthracene 20.6 40.8 
Phytane 2.4 4.7 
Pyrene 20.5 40.6 
Coprostane 19.4 38.4 
Squalene 118.9 235.3 
Stigmasterol 19.9 39.4 
 
3.2.3. Organic solvent extraction 
HPLC grade dichloromethane (DCM) and methanol (MeOH) were sourced from Fisher 
Scientific, UK. Three ml of 93:7 DCM:MeOH was added to spiked JSC Mars-1 before 
sonication using an Sonics & Materials Inc. (USA) VCX-130 Vibra-Cell™ ultrasonic processor 
with a maximum frequency of 20 kHz for 10 minutes at room temperature, followed by 
centrifugation for 5 minutes at 2500 rpm to settle suspended particles of JSC Mars-1. No 
temperatures were measured during extraction but any temperature rise brought about by 
sonication may have aided extraction efficiency. The solvent supernatants were combined 
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and the total extract was filtered using syringe filters possessing polytetrafluoroethylene 
(PTFE) membranes with a 0.2 µm pore size. A stream of nitrogen gas was used to evaporate 
the supernatant to dryness before reconstitution with DCM and transfer to 2 mL gas 
chromatography vials for analysis. Each analysis was performed in triplicate to enable 
calculation of standard deviations. 
 
Figure 3.1. Structures of the organic compounds used to spike the JSC Mars-1 sample in preparation for 
extraction by the various methods. Hexadecane is an aliphatic hydrocarbon, phytane is an isoprenoid, 
coprostane is a steroid. These represent the organic compound class that is most likely to present evidence of 
past life on Mars owing to their relatively high preservation potential. Anthracene and pyrene - polycyclic 
aromatic hydrocarbons (PAHs) – are also included in this study to explore the extractability of this particular 
class of compound using subcritical water. Atrazine is partially water soluble at ambient conditions and was 
included as a control marker for surfactant extraction. Squalene and stigmasterol are both unsaturated 
hydrocarbons and they are precursors to many biomolecules such as cholesterol, steroids and vitamin D. 
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3.2.4. Surfactant assisted extraction 
Surfactant polysorbate 80 was purchased from Acros Organics (New Jersey, USA). Pure 
water was prepared on an Elga Ultra-pure Water Maxima water purification system. 
Surfactant polysorbate 80 concentrations of 1.5 mg/mL in 20:80 methanol: water (vol) were 
used to extract organic compounds (Court et al., 2010). The samples were then sonicated, 
isolated and filtered as outlined above. Three ml of DCM was added to the surfactant 
solution extracts and the mixture sonicated for 3 minutes followed by centrifugation for 5 
minutes at 2500 rpm to settle suspended JSC Mars-1. The mixture was then transferred to 
separating funnels to which 1 mL of DCM was added. The surfactant solution and DCM 
mixtures were allowed to stand with the dense DCM settling as a bottom layer that was 
readily separated using a funnel. The surfactant solution was subjected to this liquid-liquid 
extraction another two times.  The collected DCM layers were combined and evaporated 
under a stream of nitrogen to a volume of 1 mL and transferred quantitatively to 2 mL gas 
chromatography vials for analysis. Each analysis was performed in triplicate to enable 
calculation of standard deviations. 
3.2.5. Sub-critical water extraction 
Subcritical water extraction utilised a purpose built system (Figure 3.2).  The system has 
three main parts: the syringe pump, the sample chamber and cooling coil. Pure deionised 
water was pumped and pressurised inside the sample cell through the stainless steel tube, 
the pressure inside the tube and the sample cell was 1500 psi (circa 10 MPa). The sample 
chamber also includes a pre-heating coil situated within the gas chromatograph oven. The 
system can be adjusted to run in two different modes namely static mode and dynamic 
mode. In the static mode, a fixed volume of water is confined within the sample cell at a set 
temperature for a specific duration. The long residence time in the sample cell can optimise 
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the dissolution of analytes in the subcritical water. Dynamic extraction involves a flow-
through extraction process where the analytes are swept from the matrix. Dynamic mode 
can involve various flow rates and rates of change of temperature. Dynamic extraction can 
be performed alone or following a period of static extraction. The mode of extraction in this 
study was static followed by dynamic extraction. We presume that once water was heated 
to the required temperature on Mars, a static followed by dynamic extraction rather than 
just dynamic extraction alone would make the most of the utilized resources. Water was 
first flushed through the entire system and once the system was filled with water, the outlet 
valve and the eluent valve were shut. The oven with set temperature was then turned on. 
To stabilise internal pressure during heating the inlet valve remained open during the 
temperature ramp and for 5 minutes after the set temperature was attained. The static 
extraction time was 20 minutes for 100 oC, 150 oC, 200 oC and 250 oC temperature steps. 
Preliminary experiments for 20 minutes at 300 oC led to noticeable analyte degradation so 
the extraction time was reduced to 10 minutes to minimise this effect. The extraction time 
was further reduced to 5 minutes at 320 oC for the same purpose. At the end of the set time, 
the outlet valve and the eluent valve were opened simultaneously. Before it was collected at 
the eluent valve, the heated water would pass through a cooling coil which was submerged 
in room temperature water. The purpose of opening both valves at the same time was to 
speed up the flow of heated water through the cooling bath. The prolonged exposure to 
cooling bath can reduce the dielectric constant of heated water and it can decrease the 
solubility of analytes.  The outflow of the eluent through the collection point was also 
promoted by maintaining the system at high temperature. 
The eluent was collected in a large conical flask. The conical flask contained at least 20 mL of 
DCM prior to eluent collection allowing analytes to readily partition into the organic layer. 
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The aqueous and organic layers were transferred to a separating funnel and shaken. The 
organic layer was then collected in a beaker. 10 mL of DCM was further added to the 
aqueous layer and shaken, the organic layer was again collected in the same beaker. Any 
traces of water in the recovered organic solvent were removed by passing the extract 
through anhydrous magnesium sulphate (Fluka, Japan puriss grade ≥98 % purity). DCM 
layers were reduced in volume using a rotary evaporator to prepare for further analysis. 
 
Figure 3.2. The schematic of SCWE system which illustrates the three main components of the instrument. The 
syringe pump takes pure water from the reservoir and fills up the extraction system which is confined to a gas 
chromatograph oven. The water first passes through a pre-heating coil at set temperature before entry to the 
extraction chamber. Following the exposure to high temperature, hot extract was channelled to the cooling 
coil where cooling occurred swiftly. The extract is then collected at the end of the eluent valve into a flask of 
organic solvent. 
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3.2.6. GC-MS analyses 
The analytes chosen for the study lend themselves to standard laboratory analyses by gas 
chromatography-mass spectrometry (GC-MS). Each analysis was performed in triplicate to 
enable calculation of standard deviations. Analyte separation was achieved using an Agilent 
Technologies G3172A gas chromatograph fitted with an Agilent HP-5MS column (29.55 m x 
250 µm x 0.25 µm). Helium carrier gas flow rate was 1.1 mL/min. Injection volume was 1 µL 
and injection mode was splitless. The front inlet temperature was 250 oC and the oven 
temperature programme was 50 oC held for 1 minute followed by a temperature ramp of 4 o 
C /min to 310 oC, where the temperature was held for 20 minutes. Total run time was 86 
minutes. 
Analyte identification was performed using an Agilent Technologies 5973 Mass Selective 
Detector set on full scan for a mass range from 50.0 to 550.0 atomic mass units (amu). The 
ionisation source temperature was maintained at 230 oC and mass analyser quadrupole 
temperature was 150 oC. A nine minute solvent delay was employed. Mass spectra were 
interpreted by reference to the NIST 2008 mass spectral database, and the retention times 
for this instrumental configuration established by previous runs of standards. 
3.3. Results 
Chromatograms for extracts of spiked JSC Mars-1 using the methods are presented in Figure 
3.3. Procedural blanks represented by identical extractions of unspiked JSC Mars-1 are also 
included. 
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Figure 3.3. Representative total ion chromatograms a) solvent extraction, b) surfactant extraction c) subcritical 
water extraction at 300 oC. Procedural blank runs are also included for each method. For chromatogram a, 
various side reaction products are present in small quantities, possibly the results of oxidation. Also note that 
anthraquinone is present in all samples, which may suggest that all techniques encourage interaction with the 
mineral matrix. For chromatogram b, certain surfactant (polysorbate 80) degradation products, indicated by 
asterisks, coelute with the extracted standards. In the case of coelution, quantification is performed using 
chromatograms of specific m/z ratios. 
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3.3.1. Organic solvent extraction 
The chromatogram in Figure 3.3a shows the successfully extracted analytes from the spiked 
sample using the organic solvent mixture. All eight spiked analytes were extracted and 
detected. The combination of DCM and methanol was able to extract both polar (water 
soluble) and non-polar compounds. Extraction was performed in triplicate and the peak 
areas of analytes in 1 mL of standard solution were also measured for comparison as part of 
an extraction efficiency assessment. 
Three different sets of standard organic compounds were used for calibration. One mL of 
the standard solution represented the masses (in µg) of 19.4, 114.4, 20.5, 6.8, 20.6, 118.9, 
19.9, and 2.4 for coprostane, hexadecane, pyrene, atrazine, anthracene, squalene, 
stigmasterol and phytane respectively. The mass of analytes extracted could then be 
calculated using the following approach: 
Mextracted = (Rextracted/Rstandard) x Mstandard 
Where Mextracted = mass of extracted analyte, Rextracted = response (peak area) of extracted 
analyte, Rstandard = response of standard, and Mstandard = mass of standard. 
Extraction efficiency can then be calculated thus: 
Efficiency (%) = (Mextracted/Mstandard) x 100 
Extraction efficiencies for the organic solvent extraction of all analytes are presented in 
Table 3.3. The data indicate that straight chain aliphatic hydrocarbons, branched aliphatic 
hydrocarbons and polycyclic aliphatic hydrocarbons all have very good extraction yields 
(almost 70 % for hexadecane, more than 82 % for phytane and 93 % for coprostane). 
Extraction yields for aromatic hydrocarbons are variable. For the linear aromatic 
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hydrocarbon anthracene, the yield is only around 25 % whereas the yield for the clustered 
aromatic hydrocarbon pyrene is nearly 90 %. Anthracenedione, an oxidation product of 
anthracene was detected indicating some interaction between analytes and oxidising 
mineral surfaces. Hence, partial oxidation is one explanation for the lower yield for 
anthracene.  Standard deviations from triplicate analysis for organic solvent extraction of 
the analytes are listed in Table 3.5. These figures indicate the relatively good reproducibility 
of this technique. 
Table 3.3. Extraction yields (means of three separate extractions) for organic solvent extraction of spiked JSC 
Mars-1. 
 
3.3.2. Surfactant assisted extraction 
Figure 3.3b presents a chromatogram of the extracted analytes from the soil sample with 
polysorbate 80 surfactant solution. All analytes are generally present although stigmasterol 
failed to extract in one of the extraction experiments.  
Analyte Mass of 
standards 
(µg)  
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 01 
(µg) 
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 02 
(µg) 
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 03 
(µg) 
Average 
mass of 
extracted 
analyte of 
triplicate 
(µg) 
Extraction 
efficiency 
(%) 
Hexadecane 114.4 76.8 83.7 69.2 76.6 66.9 
Atrazine 6.8 4.8 5.4 5.0 5.1 74.9 
Anthracene 20.6 6.6 4.3 4.4 5.1 24.7 
Phytane 2.4 2.0 2.1 1.9 2.0 82.4 
Pyrene 20.5 17.9 19.4 17.8 18.4 89.7 
Coprostane 19.4 17.9 18.8 17.4 18.0 93.0 
Squalene 118.9 65.1 63.8 60.9 63.3 53.2 
Stigmasterol 19.9 12.6 13.7 13.0 13.1 65.8 
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Surfactant-based extractions were performed in triplicate and to quantify the extracted 
analytes the same mathematical method as applied to the organic solvent extracts above 
was used. Similarly, the same calibration standards were used, therefore values of the 
standard analytes stated previous remained the same. Extraction efficiencies for the 
surfactant extraction of all analytes are presented in Table 3.4. 
Table 3.4. Extraction yields (means of three separate extractions) for surfactant assisted extraction of spiked 
JSC Mars-1. BDL denotes below detection limit. 
Analyte Mass of 
standards 
(µg)  
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 01 
(µg) 
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 02 
(µg) 
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 03 
(µg) 
Average 
mass of 
extracted 
analyte of 
triplicate 
(µg) 
Extraction 
efficiency 
(%) 
Hexadecane 114.4 20.8 26.7 31.4 26.3 23.0 
Atrazine 6.8 4.0 5.2 6.5 5.2 76.9 
Anthracene 20.6 2.7 3.5 5.4 3.9 18.8 
Phytane 2.4 0.1 0.1 0.1 0.1 4.2 
Pyrene 20.5 4.7 6.6 8.1 6.5 31.5 
Coprostane 19.4 3.4 5.0 6.8 5.1 26.2 
Squalene 118.9 13.1 20.7 28.5 20.8 17.5 
Stigmasterol 19.9 BDL 0.2 0.2 0.2 1.1 
 
The extraction efficiency data generated in this study can be compared to that in previously 
published work (Court et al. 2010a, Court et al. 2012) (Table 3.6). Extraction of hexadecane 
and squalene in this and previous studies have similar efficiencies. Anthracene and pyrene 
were extracted less well compared to previous work with polysorbate 80 (Court et al. 2012) 
(Table 3.6). As with organic solvent extraction, surfactant assisted extraction produced 
anthracenedione, an oxidation product of anthracene, was detected most likely indicating 
some interaction between analytes and oxidising mineral surfaces. 
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Table 3.5. Reproducibilties of triplicate analyses for organic solvent extraction, surfactant extraction and sub-
critical water extraction of spiked JSC Mars-1. Standard deviation is used as a measure of reproducibility. 
Analyte Reproducibility of 
organic solvent 
extraction (%) 
Reproducibility of 
surfactant extraction 
(%) 
Reproducibility of 
sub-critical water 
extraction (%) 
Hexadecane 7.28 5.31 13.98 
Atrazine 0.29 1.23 N/A 
Anthracene 1.27 1.39 N/A 
Phytane 0.08 0.02 0.04 
Pyrene 0.9 1.73 2.69 
Coprostane 0.71 1.72 0.81 
Squalene 2.16 7.68 N/A 
Stigmasterol 0.56 N/A N/A 
 
Overall, in the current study, polysorbate 80 can extract aliphatic hydrocarbons such as 
hexadecane, squalene and coprostane with reasonable efficiencies. Extractions of aromatic 
hydrocarbons give similar results to aliphatic hydrocarbons. Atrazine is partially water 
soluble and, therefore, may simply reflect dissolution in water without dependence on the 
surfactant micelles. Surfactant assisted extraction displays reasonable reproducibility with 
standard deviations from triplicate analysis of hexadecane, atrazine, anthracene, phytane, 
pyrene, coprostane, squalene (Table 3.5) 
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Table 3.6. Comparison of extraction efficiencies between surfactant extraction of this study and a previous 
study (Court et al., 2012). Numerical figures represent extraction efficiencies, standard  
deviations of the triplicate are quoted in the parentheses. 
 
3.3.3. Subcritical water extraction 
3.3.3.1. Temperature investigation 
A range of temperatures were investigated to find the optimum temperature for subcritical 
water extraction of the standard compounds (Table 3.7) (Appendix 3). At 100 oC and 150 oC, 
no analytes were detected by GC-MS.  Water at 200 oC extracted hexadecane, pyrene and 
coprostane from the spiked JSC Mars-1. A temperature of 250 oC allowed the extraction of 
hexadecane, phytane, pyrene, coprostane from the JSC Mars-1 substrate; small amounts of 
squalene were also found alongside partial oxidation products of anthracene. It should be 
noted that as temperature went from 200 oC to 250 oC, there was an almost 10 fold increase 
in yield of hexadecane, a straight chain aliphatic hydrocarbon. The temperature of 250 oC 
appears to mark an increase in extraction efficiency for straight chain hydrocarbons. Some 
standards are either not extracted, e.g. stigmasterol, or are extracted at a restricted number 
of temperatures, e.g. squalene. 
Table 3.7.Extraction efficiency as a function of temperature for sub-critical water extraction of the various 
analytes. Highlighted is the extraction at 300 o C as this temperature extracted most analytes with highest 
 Hexadeca
ne 
Phyta
ne 
Atrazi
ne 
Pyre
ne 
Anthrace
ne 
Squale
ne 
Stigmaste
rol 
Coprosta
ne 
This 
study 
23.0 
(5.31) 
4.2 
(0.02) 
76.9 
(1.23) 
31.5 
(1.73
) 
18.8 
(1.39) 
17.5 
(7.68) 
1.1 (0) 26.2 
(1.72) 
Previo
us 
study 
28.3 
 
24.3 92.2 74.6 49.3 16.6 7.7 Not 
reported 
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efficiencies. Single analyses were carried out for this particular part of the work. BDL denotes below detection 
limit. 
 
The most appropriate temperature for subcritical water extraction of the analytes selected 
for this study appears to be 300 oC. At this temperature the majority of analytes are 
recovered including anthracene, a polycyclic aromatic hydrocarbon, which could not be 
extracted at lower temperatures. As with both other extraction techniques 
anthracenedione, an oxidation product of anthracene was detected indicating some 
interaction between analytes and the oxidising mineral surface. Moreover, the appearance 
of oxidation products and reductions in yields suggest that higher temperatures may 
exacerbate oxidative interaction between the matrix and spiked organic standards leading 
to negative effects on extraction efficiency (Appendix 3). Subcritical water extractions at 300 
oC, 310 oC and 320 oC generated a number of oxidation products such as epoxides and 
aldehydes (Appendix 3). Anthracene, itself is absent at higher temperatures, presumably 
reflecting complete transformation to oxidation products. 
Extraction efficiency (%) as a function of temperature (%) 
 100 oC 150 oC 200 oC 250 oC 300 oC 310 oC 320 oC 
Hexadecane BDL BDL 3.22 42.72 58.13 64.55 56.68 
Atrazine BDL BDL 7.58 BDL 5.0 BDL BDL 
Anthracene BDL BDL BDL BDL 9.19 BDL BDL 
Phytane BDL BDL BDL 23.89 65.74 64.18 65.84 
Pyrene BDL BDL 16.19 29.14 27.13 19.51 17.75 
Coprostane BDL BDL BDL 8.21 46.86 47.18 41.48 
Squalene BDL BDL BDL 0.69 BDL BDL BDL 
Stigmasterol BDL BDL BDL BDL BDL BDL BDL 
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 3.3.3.2. Extraction characteristics at 300 oC 
Figure 3.3c displays a chromatogram of subcritical water extracted analytes at 300 oC. Most 
analytes were extracted, with only responses for stigmasterol and squalene missing. 
Squalene and stigmasterol contain double bonds (Figure 3.1) and are therefore susceptible 
to oxidation. It is possible that both squalene and stigmasterol succumbed to oxidation and 
fragmentation in the presence of high temperature and pressure water and an oxidised 
mineral surface. Future work should constrain the effects of mineral phases on hot water 
mediated organic reactions. 
Extraction efficiencies for the subcritical water extraction at 300 oC of most analytes are 
presented in Table 3.8. Hexadecane, phytane, coprostane could be extracted in reasonable 
amounts and clustered polycyclic aromatic hydrocarbon pyrene shows some degree of 
solubility. Extraction efficiencies of 58.1 %, 65.7 % and 46.9 % for hexadecane, phytane, 
coprostane respectively are reasonably high. At 9.2 % and 27.1 %, the extraction of 
anthracene and pyrene are not so efficient. Reproducibility is also reasonable for this 
technique with standard deviations from triplicate analysis being 13.98 % for hexadecane, 
0.04 % for phytane, 2.69 % for pyrene and 0.81 % for coprostane (Table 3.5 & 3.8). 
In the previous spiking studies, Hawthorne et al. (1994) demonstrated that sequential 
subcritical water extraction at 250 oC (plus 150 oC and 50 oC) was capable of extracting 
anthracene with an efficiency of 95 %, benzo[a]pyrene at an efficiency of 86 % and 
heptadecane at an efficiency of 50 % (Hawthorne et al., 1994). However, it should be noted 
that the Hawthorne et al. (1994) spiking study, the extractions were carried out as soon as 
the normal sand was spiked, this did not allow the spiked analytes time to bind to the sand 
surface. The Hawthorne et al. (1994) extractions were also performed in dynamic mode at a 
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different temperature. Normal sand was used in their spiking study, unlike in this spiking 
study where JSC Mars-1 was employed and it is known to contain iron (III) oxide and 
manganese oxide (Allen et al., 1998) both minerals are known for their oxidising power. It 
should be no surprise, therefore, that our study reveals more oxidation effects compared to 
that of Hawthorne et al. (1994). 
In a separate study (Yang et al., 1997) the spiking technique was used to determine the 
collection efficiencies of aliphatic hydrocarbons and polycyclic aromatic hydrocarbons 
following subcritical extraction. It was shown that n-alkanes ranging from C8 to C28 were not 
efficiently extracted in liquid water at 250 oC. Instead, n-alkanes were extracted with great 
efficiency using steam at 250 oC (82 % to 102 %). Spiked polycyclic aromatic hydrocarbons 
were extracted with efficiencies ranging from 80-94 % for polycyclic aromatic hydrocarbons 
ranging from naphthalene to benzo[ghi]perylene using both steam and liquid water at 250 
oC. No results were reported for 300 oC in the previously published spiking study (Yang et al., 
1997). The extraction time in the Yang et al. (1997) study was kept very short from 5 to 7 
minutes and such a short exposure to high temperature would be expected to produce 
fewer oxidative degradation products than our Mars analogue focused study. 
Our subcritical water study of Mars biomarkers reveals that the best extraction efficiencies 
for saturated hydrocarbons occur at a temperature of 300 oC and pressure of 10 MPa. The 
aromatic hydrocarbons extractions, in this study, are not as efficient as in other experiments 
reported in the literature (Hawthorne et al., 1994; Yang et al., 1997) probably due to the 
fact that the aromatic hydrocarbon analytes were given time to adsorb on the JSC Mars-1 
substrates and juxtaposition with oxidising minerals appears to have led to degradation of 
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these analytes. Our findings concur with previous work that has identified that subcritical 
water extraction can cause molecular transformations (Amashukeli et al., 2007). 
Table 3.8. Extraction yields (means of three separate extractions) for subcritical water extraction of spiked JSC 
Mars-1 at 300 oC. BDL denotes below detection limit. 
Analyte Mass of 
standards 
(µg)  
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 01 
(µg) 
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 02 
(µg) 
Mass of 
extracted 
analyte of 
spiked JSC 
Mars-1 03 
(µg) 
Average 
mass of 
extracted 
analyte of 
triplicate 
(µg) 
Extraction 
efficiency 
(%) 
Hexadecane 114.4 82.4 56.0 61.1 66.5 58.1 
Atrazine 6.8 BDL 1.0 BDL 0.3 5.0 
Anthracene 20.6 1.6 2.2 BDL 1.9 9.2 
Phytane 2.4 1.6 1.6 1.5 1.6 65.7 
Pyrene 20.5 5.0 8.5 3.2 5.6 27.1 
Coprostane 19.4 8.5 10.0 8.8 9.1 46.9 
Squalene 118.9 BDL BDL BDL N/A N/A 
Stigmasterol 19.9 BDL BDL BDL N/A N/A 
  
3.3.4. Extraction mechanism 
3.3.4.1. Solvent extraction 
The mixture of dichloromethane (DCM) and methanol represent a highly versatile solvent 
system. Low polarity DCM is able to dissolve non-polar analytes hexadecane, anthracene, 
pyrene, phytane, coprostane and squalene while methanol solubilises polar analytes 
atrazine and stigmasterol. This explains the overall high extraction efficiency of this 
technique.  
  
121 
 
3.3.4.2. Surfactant assisted extraction  
At concentration of 1.5 mg/mL polysorbate 80 molecules form spherical aggregates. This 
spherical coordination permits the non-polar tail of the molecule to point inward and thus 
minimise interaction with aqueous surroundings. The alignment of many low polarity 
hydrocarbon tails created an environment that is friendly to low polarity compounds and 
therefore each aggregate was able to trap individual molecule of hexadecane, phytane, 
coprostane, anthracene, pyrene and squalene. The polar heads of the aggregates allow 
them to remain in aqueous solution.  Polar compound atrazine was solubilised by water: 
methanol mixture. 
3.3.4.3. Subcritical water extraction 
The ability of water to dissolve non-polar molecules is enhanced as temperature increases. 
In simple term, the enhanced solubilising capacity of water is the consequence of reduced 
dielectric constant this is a dimensionless ratio between permittivity, expressed in farads 
per metre (Fm-1), of a material and permittivity of vacuum. Permittivity is a measure of the 
extent to which individual molecule of a particular material align to an applied electric field 
(Tielrooij et al., 2009) (Appendix 3). The large dielectric constant of water at room 
temperature reflects its significant dipole moment and hence highly polar nature (Sharma et 
al., 2007). Beside dielectric constant other physical and chemical changes also occur at high 
temperature. Concentrations of water derived ionic products H+ and OH- increase 
significantly at high temperature (Sereewatthanawut et al., 2008; Bandura and Lvov, 2006) 
alongside increased molecular kinetic energy. The proposed subcritical water solubilising 
mechanism involves electrostatic interaction and dipole induced dipole interaction between 
the representative compounds and each water molecule (Extraction mechanism Appendix 
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5). The high kinetic energy model can be used to explain the fall in dielectric constant of 
water at elevated temperature. As water molecules continue to gain energy at high 
temperatures they have higher degree of freedom to move around. This greater degree of 
freedom of water molecules present increased difficulty to align them to the applied electric 
field this leads to a fall in permittivity and consequently a fall in dielectric constant 
(Appendix 3).  
Thermally assisted bond dissociation between analytes and mineral surfaces together with 
high analyte - water molecular collision frequency, as the result of higher kinetic energy, are 
possible mechanistic rationale for greater extraction efficiency of subcritical water, 
concerning aliphatic hydrocarbons, in comparison to surfactant extraction.  
3.3.5. Comparison of extraction methods 
The comparison of reproducibility between the three techniques is based on percentage 
coefficient of variation (Figure 3.4a). This unitless measure is directly influenced by standard 
deviation and average mass of extracted analyte. It is calculated using the following 
approach: 
CV (%) = (STDEVextracted/Maverage) x 100  
Where CV (%) = percentage coefficient of variation, STDEVextracted = standard deviation of 
masses of extracted analyte, Maverage = average mass of extracted analyte. 
Organic solvent extraction is the most reproducible extraction method out of the three 
techniques for the majority of analytes and it is also the technique that produced the 
highest efficiency (Figure 3.4b).  
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Subcritical water extraction appears to be a reasonably reproducible technique. Surfactant 
extraction shows comparatively poor reproducibility to organic solvent extraction. 
Each technique manages to extract most of the analytes but subcritical water extraction is 
most selective with squalene and stigmasterol lacking detectable responses at high 
temperature (>300 oC) with oxidation being the possible explanation. Notably, diminished 
responses for compounds that are susceptible to oxidation such as anthracene occurs 
during each technique implying that oxidised mineral surfaces such as those presented by 
the JSC Mars-1 analogue material are common interfering factors. 
For those analytes extracted by all three methods, extraction efficiencies reveal that organic 
solvent extraction is the superior technique followed by subcritical water extraction and 
finally surfactant solutions. The non-polar aliphatic hydrocarbons are particularly well 
extracted by organic solvents and high temperature subcritical water. 
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Figure 3.4. The comparison of a) coefficient of variation and b) extraction efficiency between the three 
extraction techniques. Coefficients of variation are unitless and therefore can be used in comparison studies of 
reproducibility where standard deviations are unsuitable for the same purpose. Extraction efficiency of the 
technique measures the amount of analytes extracted with the respective technique relative to the amount of 
analytes initially added to the substrates (JSC Mars-1). 
3.3.6. Recommendations for future extractions on Mars 
High temperature subcritical water and organic solvents are good at extracting aliphatic 
hydrocarbons. The aliphatic hydrocarbon fraction contains many diagnostic biomarkers and 
is relatively resistant to degradation. If life existed on Mars in its near or distant past, then 
aliphatic hydrocarbons would be the most likely biomarkers to survive the current 
inhospitable conditions owing to their high preservation potential (Sephton et al., 2013). 
Surfactant solutions display reasonable efficiency and reproducibility.  Surfactant solutions 
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are, however, irreplaceable when extraction of non-polar organic compounds at low 
temperatures in aqueous solutions is required. 
An additional factor to be considered for any in-situ analysis mission is the complexity of 
implementation for a real space instrument. All space instruments involve technology 
development to produce a compact and light instrument with a combination of low volume 
and low mass to make them compatible with mission resources. Subcritical water 
implementation is certainly possible as indicated by published development work (Bada et 
al., 2005) (Aubrey et al., 2008) (Amashukeli et al., 2008; Amashukeli et al., 2007). Similarly 
an implementation strategy and flight type configuration is possible for surfactant based 
systems as illustrated by Life Marker Chip designs (Sims et al., 2012). Organic solvent 
extraction however presents some problems in terms of material compatibilities for valve 
seals and similar components. Moreover, with organic solvents there is the need to isolate 
and evaporate the excess solvent to concentrate the extracted analytes. When extraction 
methods are being considered for space mission use, the benefits of each approach must be 
balanced against their disadvantages. Subcritical water presents a suitable compromise 
method as it is a chemically stable solvent, it also has high degree of flexibility in 
accommodating aliphatic hydrocarbons. 
3.4. Conclusions 
Extraction of organic matter on Mars can be achieved by a number of methods with variable 
efficiencies and reproducibilities. Each method has strengths and weaknesses depending on 
target materials to be analysed. Subcritical water extraction outperformed an alternative 
aqueous based method involving surfactants, but still lagged behind organic solvent 
extraction in terms of both efficiencies and reproducibility. Oxidation appears to occur 
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under high temperature water conditions in the presence of oxidising minerals leading to 
diminished responses for certain analytes. Mineral-mediated reactions during subcritical 
water extractions appear to be an important consideration for future work. 
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Chapter 4 - Subcritical water extraction of organic matter from 
sedimentary rocks 
Abstract 
Subcritical water extraction of organic matter containing sedimentary rocks at 300 oC and 
1500 psi produces extracts comparable to conventional solvent extraction. Subcritical water 
extraction of previously solvent extracted samples confirms that only low molecular weight 
free compounds are being accessed. The extracted compounds therefore are not products 
of hydrothermal degradation of high molecular weight kerogen. The sedimentary rocks 
chosen for extraction span the classic geochemical organic matter types. Type I organic 
matter-containing sedimentary rock produces n-alkanes and isoprenoidal hydrocarbons at 
300 oC and 1500 psi that indicate an algal source for the organic matter. Extraction of a rock 
containing type II organic matter at the same temperature and pressure produces aliphatic 
hydrocarbons but also aromatic compounds reflecting the increased contributions from 
terrestrial organic matter in this sample. A type III organic matter-containing sample 
produces a range of non-polar and polar compounds including polycyclic aromatic 
hydrocarbons and oxygenated aromatic compounds at 300 oC and 1500 psi reflecting a 
dominantly terrestrial origin for the organic materials. Although extraction at 300 oC and 
1500 psi produces extracts that are comparable to solvent extraction, lower temperature 
steps display differences related to organic solubility. The type I organic matter produces no 
products below 300 oC and 1500 psi, reflecting its dominantly aliphatic character, while type 
II and type III organic matter contribute some polar components to the lower temperature 
steps, reflecting the chemical heterogeneity of their organic inventory. The separation of 
polar and non-polar organic compounds by using different temperatures provides the 
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potential for selective extraction that may obviate the need for subsequent preparative 
chromatography steps. Our results indicate that subcritical water extraction can act as a 
suitable replacement for conventional solvent extraction of sedimentary rocks, but can also 
be used for any organic matter containing mineral matrix, including soils and recent 
sediments, and has the added benefit of tailored extraction for analytes of specific 
polarities. 
4.1. Introduction  
The study of organic matter and its storage in the subsurface of Earth has led to a greater 
understanding of past global biogeochemical processes. The preservation of organic matter 
in sedimentary deposits represents a direct link to the global cycles of carbon, oxygen and 
sulphur over geological timescales (Berner et al., 1989). Fossil organic matter is primarily the 
product of selectively preserved biopolymers and newly generated geopolymers collectively 
termed kerogen, although some information-rich free organic compounds are also present 
in the organic inventory (Tissot et al., 1984). To access information contained within fossil 
organic matter in sedimentary rocks, a method of extracting the organic matter is required. 
The development of extraction techniques has progressed over decades of dedicated 
research (S. Mitra, 2003). The use of organic solvents as extracting agents is the standard 
method in the area of geochemistry (McIver, 1962; Murphy et al., 1969).  
The use of organic solvents, however, has some negative aspects. The production of organic 
solvents is often difficult, time consuming and expensive. Once produced, organic solvents 
represent a substantial health hazard to those who work with them. Organic solvents are 
also potential contaminants of the environment. The deleterious effects of organic solvents 
have inspired the search for alternative solvents that can be used for extraction of organic 
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compounds from rocks. Supercritical carbon dioxide has showed promising results (Akinlua 
et al., 2008; Greibrokk et al., 1992; Sephton et al., 2001) and non-ionic surfactants have 
been shown to be capable of extracting hydrocarbons from petroleum source rocks (Akinlua 
et al., 2012).  
Perhaps the most cost-efficient and least hazardous material to use for extraction is water. 
Yet at room temperature and pressure water is capable of only extracting polar organic 
compounds. Fortunately, water can be modified to improve its performance for organic 
extraction. For example, steam has been used to extract hydrocarbons from petroleum 
source rocks (Akinlua et al., 2009) and subcritical water has been utilised to extract organic 
materials from Atacama desert soils (Amashukeli., 2008; Aubrey et al., 2008). Recent work 
has compared the efficiency of subcritical water extraction alongside organic solvent and 
surfactant-assisted methods (Luong et al., 2014) where subcritical water extraction 
outperformed the aqueous based method involving surfactants, but still lagged behind 
organic solvent extraction in terms of efficiency. 
Subcritical water provides great flexibility during organic extraction. The dielectric constants 
of liquid water change with temperature allowing control over its ability to solvate organic 
compounds of different polarities. The flexibility of subcritical water presents the potential 
to target conditions to meet the requirements of different organic mixtures. The possibility 
of tailored extraction is important for sedimentary organic matter because of the varieties 
present in nature. The ultimate sources of sedimentary organic matter are biological 
materials such as lipids, lignin, carbohydrates and proteins from plants, algae and bacteria.  
Variation in the relative contributions from the source organisms leads to different types of 
organic assemblage (Tissot et al., 1984). Type I organic matter is dominated by algal remains 
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and typically reflects lacustrine environments. Type III organic matter contains land plant 
remains, usually in terrestrial or near terrestrial settings. Type II organic matter is 
intermediate in composition and is found in marine settings. Each type of organic matter is 
chemically different and, therefore, can be expected to respond in a distinct fashion to 
extraction protocols. 
Once extracted from sedimentary rocks, organic mixtures can be prepared for analysis by 
analytical instruments. Preparation usually involves column or thin layer chromatography 
where the polarity of organic compounds is exploited to achieve separation into chemical 
fractions by elution with organic solvents of varying strengths. The resulting fractions can be 
further separated into individual components by techniques such as gas chromatography. 
Some extraction techniques are relatively selective so that subsequent preparative 
chromatography is unnecessary. One example of this approached is provided by 
supercritical carbon dioxide extraction of carbonaceous meteorites where post extraction 
preparative steps, and the associated potential loss of already small amounts of valuable 
extracted material, could be avoided (Sephton et al., 2001). 
In this paper we examine the conditions required to extract different types of sedimentary 
organic matter with subcritical water. Our aim was to develop a replacement for organic 
solvents for the extraction of organic matter from any mineral matrix and therefore produce 
a method that can be applied to materials such as soils, recent sediments and sedimentary 
rocks. Sedimentary organic matter of types I, II and III have been subjected to various 
temperatures and pressures. Diversity in polarity of organic compounds within some 
sedimentary organic matter types suggest that fine-tuning the dielectric constants of water 
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provides the opportunity for selective extraction that could eliminate post-extraction 
fractionation steps prior to further analytical steps. 
4.2. Experimental  
4.2.1. Samples 
Sedimentary rocks containing three different types of organic matter were used for 
subcritical water extraction experiments (Table 4.1). Each sample was washed with solvent 
(95:5 dichloromethane/methanol (DCM/MeOH) and crushed before initiating the extraction 
procedure. High performance liquid chromatography (HPLC) grade DCM and MeOH were 
sourced from Fisher Scientific, UK. The DCM/MeOH wash should have removed any 
unwanted substances such as plasticisers and surface contaminants from the source rocks. 
The samples were then crushed to fine powders and weighed using an analytical balance. 
Table 4.1. Sedimentary rocks and their organic matter types used in this study. TOC = total organic carbon (in 
%). C = carbon. 
Sample  Organic 
matter type 
Organic 
matter or 
carbon 
content 
Lower Carboniferous shale, Port Edgar, Midland 
Valley Scotland, UK. 
 Type I TOC % = 13.43  
Upper Jurassic shale, Kimmeridge Clay, Kimmeridge 
Bay, UK. 
 Type II TOC % = 3.27 
Upper Carboniferous high volatile bituminous coal, 
Daw Mill, Warwickshire, UK. 
 Type III C % = 81.3 
 
4.2.2. Organic solvent extraction 
Three ml of 93:7 DCM/MeOH was added to pulverised source rock samples before 
sonication using a Sonics & Materials Inc.VCX-130 Vibra-Cell™ ultrasonic processor with a 
maximum frequency of 20 kHz for 10 minutes at room temperature. Subsequent 
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centrifugation for 5 minutes at 2500 rpm effectively settled any suspended sample particles. 
The solvent supernatants were combined and the total extract was filtered using syringe 
filters possessing polytetrafluoroethylene (PTFE) membranes with a 0.2 µm pore size. A 
stream of nitrogen gas was used to reduce filtered supernatants to aliquots of 1 mL and the 
extracts were transferred to 2 mL vials for analysis. Each sample extraction was performed 
in triplicate. 
4.2.3. Subcritical water extraction  
Fresh pulverised samples were subjected to subcritical water treatment in a purposely built 
extraction system (Chapter 3). The whole system is an assembly of three main parts housed 
inside a gas chromatograph oven: a syringe pump, a sample cell and a cooling coil 
connected to a collection point. Deionsied water was first flushed through the entire system 
and once the system was filled with water the outlet valve and the eluent valve were closed. 
The oven was then set to a defined temperature. Temperature is by far the dominant 
control on variability in the dielectric constant of water (Uematsu et al., 1980), hence in our 
experiments we vary temperature but maintain pressure at a standard level to ensure the 
heated water remains in the liquid state. To stabilise internal pressure at 1500 psi during 
heating the inlet valve remained open during the temperature ramp and for an additional 5 
minutes after the set temperature was attained. The mode of extraction in this study was 
static and water remained in the isolated system for set durations. To study the effects of 
temperature, static extraction duration was fixed at 20 minutes for 150 oC, 200 oC, 250 oC 
and 300 oC. To study the effects of duration, extraction at 300 oC was also performed for 30 
minutes, 40 minutes and 50 minutes.  At the end of the extraction time both the outlet 
valve and collection point valve were opened simultaneously. The eluent was collected in a 
large conical flask. The conical flask contained at least 20 mL of DCM prior to eluent 
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collection allowing analytes to readily partition into the organic layer. 10 µL of internal 
standard (IS) solution of squalane and p-terphenyl (1.156 mg/mL and 0.248 mg/mL 
respectively) was added to the DCM organic layer before the eluent was collected. 
Extraction at 300 oC for 20 minutes was performed in triplicate to enable calculation of 
standard deviations. To confirm that the subcritical water extraction procedure was 
exclusively accessing the soluble organic matter, rather than also releasing compounds by 
degrading the insoluble high molecular weight kerogen, previously solvent extracted 
samples were also subjected to subcritical water treatment at 300 oC. 
4.2.4. Post- subcritical water extraction treatment  
The eluent and DCM in the conical flask were transferred to a separating funnel where they 
were shaken and allowed to stand until two distinct phases formed. The denser bottom 
layer of DCM was then collected. Another 10 mL portion of DCM was added to the aqueous 
layer and the liquid-liquid extraction procedure repeated. The DCM layers were combined 
and treated with anhydrous magnesium sulphate (Fluka, Japan puriss grade ≥98 % purity) to 
remove any traces of water. The volume of DCM solution was reduced on a rotary 
evaporator and the final extract transferred to pre-weighed vials. 
4.2.5. Extractable organic matter yields 
Total yields of extractable organic matter (EOM) of the three different types of source rocks 
were calculated using the following approach: 
% EOM = EOMtotal (g) / Mrock (g) x 100 
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Where % EOM = percentage extractable organic matter, EOMtotal = total extractable organic 
matter expressed in grams and is the sum of all extracted and identified hydrocarbons, 
Mrock = the mass of finely ground source rock of either type I, II or III in grams. 
4.2.6. GC-MS analyses 
Analyte separation was achieved using an Agilent Technologies G3172A gas chromatograph 
fitted with an Agilent HP-5MS column (29.55 m x 250 µm x 0.25 µm). Helium carrier gas flow 
rate was 1.1 mL/min. Injection volume was 1 µL and injection mode was splitless. The front 
inlet temperature was 250 oC and the oven temperature programme was held for 1 minute 
at 50 oC followed by a temperature ramp of 4 oC min-1 to 310 oC, where the temperature was 
held for 20 minutes. Total run time was 86 minutes. Analyte identification was performed 
using an Agilent Technologies 5973 Mass Selective Detector set on full scan for a mass range 
from 50.0 to 550.0 amu. The ionisation source temperature was maintained at 230 oC and 
mass analyser quadrupole temperature was 150 oC. A nine minute solvent delay was 
employed. Mass spectra were interpreted by reference to the NIST 2008 mass spectral 
database. The results are quantitative in that the intensity of an ion is a measure of the 
response of a compound to the conditions in the mass spectrometer and quantitation relies 
on comparisons of the relative abundances of compounds or standards present in similar 
amounts and with identical ionisation efficiencies. 
4.3. Results 
4.3.1. EOM and reproducibility 
Subcritical water extraction of solvent extracted rocks produced no organic compounds 
confirming that the process does not degrade the high molecular weight kerogen present 
within the samples. The data therefore can be considered as exclusively representing 
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relatively low molecular weight organic compounds, in an analogous fashion to conventional 
DCM/MeOH extraction. Direct comparison of EOM obtained from organic solvent and 
subcritical water is possible (Table 4.2). Relative to organic solvent, the extraction efficiency 
of subcritical water at 300 oC and 1500 psi is less for type I organic matter containing sample 
but greater for type III organic matter. The chemistry of the organic matter content is 
exerting a clear control on subcritical water extraction efficiency. 
Table 4.2. Subcritical water extraction of sedimentary rocks containing type I, II and III organic matter at 
different temperatures for 20 minutes. EOM is expressed as percentage of one gram of source rock. EOM 
values for 300 oC are averages from triplicate measurements. EOM figures for organic solvent extraction are 
averages of triplicate extractions. BDL denotes below detection limit. 
Temperature (oC) Type I EOM (%) Type II EOM (%)  Type III EOM (%)  
Subcritical Water    
150 BDL 0.001 0.0007 
200 BDL 0.002 0.017 
250 BDL 0.004 0.033 
300 0.0103 (±0.0055) n=3 0.0087 (±0.0006) n=3 0.0483 (±0.0080) n=3 
Organic solvent    
DCM/MeOH 0.0533 (±0.0058) n=3 0.0003 (±0.0001) n=3 0.0247 (±0.0103) n=3 
 
The range of temperatures over which organic matter can be extracted from the different 
organic matter types displays substantial variability (Table 4.2). The type I organic matter is 
only extractable at the highest temperatures with no EOM below 300 oC. Organic matter in 
type II and type III samples are extractable at all temperatures but with the greatest amount 
recovered at 300 oC. With 300 oC representing the most efficient extraction conditions for all 
samples, perhaps the most discriminatory observation is the relative amount of organic 
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matter that can be extracted at low temperatures. Low temperature extraction efficiency 
decreases in the order type III > type II > type I. The ability of different organic matter types 
to contribute across all temperature steps is undoubtedly related to the heterogeneity of 
organic compound types in the various inventories. Type I organic matter is dominantly 
aliphatic, type III organic matter is a mixture of aliphatic, aromatic and polar compounds, 
while type II organic matter has an intermediate composition. Data is presented in detail in 
Appendix 4. 
4.3.2. Type I organic matter 
Our representative sample of type I organic matter was Lower Carboniferous lacustrine 
shale. Direct injection of the DCM/MeOH solvent extract without further fractionation 
provides an insight into the total EOM present in the rock. The DCM/MeOH extract 
contained a series of normal alkanes from C15 to C35, with a mode around C25 indicating an 
algal source for the organic matter (Figure 4.1a). Isoprenoidal hydrocarbons were 
represented by pristane and phytane. Cyclic terpanes were represented by a series of 
hopanes and steranes. There were relatively few aromatic or polar compounds in the 
DCM/MeOH extract indicating an overall aliphatic hydrocarbon-rich sample. Data are 
consistent with previous work that has examined the organic geochemical constitution of 
these rocks (Parnell, 1988). 
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Figure 4.1. Ultrasonic solvent extraction (93:7 DCM:MeOH) of rocks containing different organic matter types: 
a) type I, b) type II and c) type III. 3 mL of organic solvent were added to pulverised rock sample followed by 10 
minutes of ultrasonication and 5 minutes of centrifugation. Each solvent extraction was performed in 
triplicate. The chromatograms above are the selected representatives of the triplicate extractions. Vertical 
scales normalised to the highest peak. 
Subcritical water extraction of type I organic matter produced different responses with 
temperature of extraction (Figure 4.2). None of the abundant aliphatic compounds observed 
in the DCM/MeOH extract were evident at temperatures between 150 oC and 250 oC. At 300 
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oC, however, the majority of aliphatic compounds observed in the DCM/MeOH extract 
appear in the subcritical water extract. DCM/MeOH extraction does appear to recover more 
of the components that contribute to the unresolved complex mixture compared to 
supercritical water at 300 oC. 
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Figure 4.2. Subcritical water extract of a type I organic matter containing sample at a) 150 oC, b) 200 oC, c) 250 
oC and d) 300 oC. The isolation of extractable hydrocarbons occurred at 300 oC. These are long chain saturated 
hydrocarbons as well as the isoprenoidal hydrocarbons pristine and phytane. Vertical scales normalised to the 
highest peak. 
  
145 
 
4.3.3. Type II organic matter 
Our representative sample of type II organic matter was an Upper Jurassic shale. The 
DCM/MeOH extract contained a series of normal alkanes from C15 to C35, with a mode 
around C23 indicating an algal source for the organic matter (Figure 4.1b). Isoprenoidal 
hydrocarbons were again represented by pristane and phytane and cyclic terpanes by a 
series of hopanes and steranes. A significant unresolved complex mixture indicates the 
presence of aromatic and polar compounds indicating a partial contribution from 
terrestrially derived organic materials. Our data are consistent with previous studies that 
have shed light on the organic constituents of Kimmeridge Clay type II organic matter, and it 
is known to contain aliphatic, aromatic and sulphur compounds (Farrimond et al., 1984; 
Williams, 1986). 
Subcritical water extraction of type II organic matter produced different responses with 
temperature of extraction. Few of the compounds observed in the DCM/MeOH extract were 
evident at temperatures between 150 oC and 250 oC (Figure 4.3). There were numerous low 
molecular weight aromatic compounds at temperatures of 200 oC and above (Figure 4.3b). 
Some of the compounds present between 150 oC and 250 oC are polar acids. The low 
molecular weight aromatic compounds probably reflect significant contributions of land-
derived organic matter known to occur in type II organic matter (Tissot et al., 1984). 
Moreover the low molecular weight aromatic hydrocarbons and acids display relatively high 
solubilities in water. At 300 oC the subcritical water extract displays concordance with the 
DCM/MeOH extract from the same sample (Figure 4.3d). The majority of aliphatic, aromatic 
and polar compounds observed in the DCM/MeOH extract appear in the subcritical water 
extract (Appendix 4).  
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Figure 4.3. Subcritical water extract of a type II organic matter containing sample at (a) 150 oC, (b) 200 oC, (c) 
250 oC and (d) 300 oC. Increasing temperature led to change in dielectric constant of water and the extraction 
of different classes of organic compounds. Vertical scales normalised to the highest peak. 
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4.3.4. Type III organic matter 
Our representative sample of type III organic matter was an Upper Carboniferous high 
volatile bituminous coal. The DCM/MeOH extract contained a range of alkylated aromatic, 
phenolic and oxygen-containing aromatic compounds (Figure 4.1c). Isoprenoidal 
hydrocarbons were represented by phytane. Our data are consistent with previous studies 
that have investigated the organic constituents of high volatile bituminous coals (Fabiańska 
et al., 2013). 
Subcritical water extraction of type III organic matter produced different responses with 
temperature of extraction. Significant amounts of organic compounds are extracted at even 
the lowest temperature. At 150 oC the subcritical water extract contains a number of low 
molecular weight alkylated aromatic units (Figure 4.4a). At 200 oC the responses of alkylated 
and oxygen-containing aromatic units become more obvious and there are more 
contributions from higher molecular weight units (Figure 4.4b). Above 200 oC the responses 
of alkylated and oxygen-containing aromatic units increase further (Figure 4.4c). 
Contributions from higher molecular weight units become even more significant at the 
highest temperature of 300 oC and the aromatic responses are joined by aliphatic 
contributions (Figure 4.4d). 
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Figure 4.4. Subcritical water extract of a type III organic matter containing sample at (a) 150 oC, (b) 200 oC, (c) 
250 oC and (d) 300 oC. Increasing temperature led to a change in the dielectric constant of water solvent and 
the extraction of different classes of organic compounds. Vertical scales normalised to the highest peak. 
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4.3.5. Duration of extraction time 
To assess the influence of extraction time the duration of static heating was varied from 20 
to 50 min for each sample while maintaining the extraction temperature and pressure at 
300 oC and 1500 psi. EOM values were used to enable an assessment of extraction time on 
yield (Table 4.3). The length of extraction time has minimal impact on the yield of extracted 
hydrocarbons from sedimentary rocks containing type I organic matter. EOM values for 20, 
30, 40 and 50 min treatment with hot water show only very minor differences between 
them and there is no clear indication of a benefit from extending extraction duration 
beyond 20 min. The observation of similar extraction yields for various temperatures was 
also the case for the type II organic matter containing sample. The type III organic matter 
containing sample also displays constant yields from experiments with 30–40 min extraction 
duration, but when a duration of 50 min was used the yield declined. 
Table 4.3. EOM (%) values for a sample containing type I, type II and type III organic matter as a function of 
extraction duration. Extraction temperature and pressure were kept constant at 300 oC and 1500 psi 
respectively. 
Duration (min) Type I EOM (%) Type II EOM (%) Type III EOM (%) 
20 0.010 0.009 0.048 
30 0.012 0.005 0.067 
40 0.009 0.006 0.069 
50 0.012 0.008 0.055 
 
4.4. Discussion 
4.4.1. Organic matter type and temperature 
Subcritical water extraction is an effective technique for the isolation of hydrocarbons and 
related compounds from sedimentary rocks. Yet the efficiency of extraction is highly 
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dependent on the temperature used and the type of organic matter present in the rocks. If 
the temperature at which extractable organic matter appears is examined, the influence of 
organic matter type becomes evident (Figures 4.2, 4.3 and 4.4; Table 4.2). The temperature 
at which extractable organic compounds appear is lowest for type III organic matter (150 
oC), intermediate for type II organic matter (200 oC) and highest for type I organic matter 
(300 oC).  
The influence of temperature on the ability to extract organic matter of different types can 
be explained by the increase in overall polarity of the organic inventories moving from type I 
to type III. At room temperature, polar organic compounds are more soluble in water than 
non-polar compounds.  
As temperature increases, the physical and chemical behaviour of water change 
significantly. Water’s self-ionisation and molecular kinetic energy are the functions of 
temperature and they directly influence water-analyte interaction and thus solubilisation.   
Dielectric constant is a common term used to measure polarity of water and other organic 
solvents, it is therefore being used in this discussion to maintain the focus of the study. The 
relationship between dielectric constant and temperature was discussed more thoroughly in 
the previous chapter (chapter 3 and appendix 3 & 5).  As temperature increases, the 
dielectric constant and hence the polarity of water decreases, the ability of water to solvate 
non-polar compounds is enhanced. At low temperatures (150 oC) the polar compounds in 
type III organic matter are extracted by water, which has a dielectric constant around 45 
equivalent to somewhere between acetonitrile and dimethyl sulfoxide (Figure 4.5). At 
moderate temperatures (200 oC to 250 oC) low molecular weight aromatic units are 
extracted from type II organic matter, which has a dielectric constant between 40 and 32 
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equivalent to somewhere between dimethyl sulfoxide and methanol (Figure 4.5). At 
relatively high temperatures (300 oC) the non-polar compounds in type I organic matter are 
extracted, when the water has a dielectric constant of 20 close to that of acetone (Figure 
4.5). 
 
Figure 4.5. Change in dielectric constant of water as a function of temperature. At relatively moderate 
temperatures (200 oC) the polar compounds in types II & III organic matter are extracted by water, which has a 
dielectric constant of 35, equivalent to somewhere between acetonitrile and methanol; at relatively high 
temperatures (300 oC) the nonpolar saturated hydrocarbons in types I, II and III organic matter are extracted, 
when the water has a dielectric constant of 20, close to that of acetone. 
The efficiency of extraction and its relationship to temperature can be examined 
quantitatively by reference to the EOM data. For type I organic matter, significant EOM is 
only observed at the highest temperature of 300 oC (Table 4.2). In the extractions of type II 
organic matter there is a four-fold increase in the EOM from 200 oC to 300 oC (Table 4.2). For 
type III organic matter there is a two-fold increase of EOM between 200 oC and 300 oC (Table 
4.2). A trend of increasing EOM with temperature is evident for all organic matter types but 
is least conspicuous for those organic matter types with chemical heterogeneity (type II and 
  
152 
 
especially type III) where the range in polarities of components provides contributions to 
each temperature stage. 
For general extractions, higher temperatures are more efficient for these hydrocarbon-rich 
rocks and, although lower temperatures provide significant yields for certain types of 
organic matter, 300 oC and 1500 psi represent a useful universal extraction protocol for 
organic matter-rich rocks. 
4.4.2. Extraction duration 
Overall the optimal duration for subcritical water extraction of all organic matter types 
found in sedimentary rocks is 20 minutes. Longer extraction times do not necessarily 
correlate to higher yields of EOM (Table 4.3). For sedimentary rocks containing types I and II 
organic matter, variation in extraction duration with subcritical water produces negligible 
effects. For sedimentary rocks containing type III organic matter, very long extraction 
durations lead to a decline in yield. The variation in sensitivity to duration of subcritical 
water extraction for the different organic matter types is most likely related to chemical 
structure. Type I and type II organic matter assemblages contain substantial amounts of 
aliphatic structures while type III organic matter is dominated by aromatic units. Oxidation 
of aromatic constituents during lengthy subcritical water extraction experiments is a 
previously recognised issue (Luong et al., 2014) and may account for the drop in yield for 
type III organic matter-containing sedimentary rocks observed for the longest extraction 
times (Table 4.3). 
4.4.3. Potential for selective extraction 
Compounds that make up the organic inventory of sedimentary rocks can display 
differences in polarity. The variable polarities in organic mixtures is exploited in post 
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extraction fractionation steps which isolate compound classes based on their similarity to 
elution solvent strength. Inevitably the use of post extraction fraction steps makes 
compound isolation more expensive, lengthy and labour intensive. Subcritical water 
extraction provides the ability to modify temperature and therefore solvent strength and 
the capacity to interact with different classes of organic compounds. Our data reveal that 
selective extraction by subcritical water extraction is a possibility for organic matter-
containing sedimentary rocks. Polar organic compounds are usually problematic for gas 
chromatography-based analysis because their polar and reactive nature can cause them to 
perform badly during chromatographic separation and can even irreversibly damage 
instrument components. The extraction of polar compounds at lower temperatures 
followed by the subsequent selective extraction of analytically amenable non-polar 
compounds at higher temperatures presents a means to avoid post extraction fractionation 
steps. 
4.5. Conclusion 
The experimental results in this study represent one of the very few case studies of hot 
water extraction of hydrocarbons from organic-rich rocks. The data provide evidence that 
subcritical water can act as an efficient substitute for the more hazardous and commonly 
used organic solvents. A universal extraction protocol for all organic matter types in 
sedimentary rocks includes a temperature of 300 oC, pressure of 1500 psi and duration of 20 
min. The ability to control temperature and therefore dielectric constant of water also 
provides the opportunity to selectively extract specific compound classes thereby avoiding 
lengthy and labour intensive post extraction fractionation steps prior to detailed analysis by 
gas chromatography and mass spectrometry. 
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Chapter 5 - Subcritical water extraction of heavy oil sand 
Abstract 
Space related research involves exacting challenges encountered in extremely demanding 
environments. Meeting these challenges inevitably involves innovation. The ability of space 
related research to provide innovative spin offs is a well-known and attractive consequence. 
Subcritical water extraction can provide innovative solutions to the terrestrial economy. 
Static subcritical water extraction methods developed for space missions already have a 
history of translation to the petroleum industry and the recovery of heavy oil (Montgomery 
et al., 2013) and mitigation of negative environmental effects (Montgomery et al., 2015). 
Here the dynamic subcritical water extraction system is used to study the response of heavy 
oil in oil sands to flowing subcritical water. 
Subcritical water extraction of heavy oil sand at different temperature and extraction time 
reveals the complex chemistry between degradation of high molecular weight asphaltene 
and oil generation. FTIR data of different functional groups of asphaltene showed the 
breakdown of polar materials to form saturated compounds. Temperatures below 100 oC 
have no effects on the oil sand sample, 60 minutes extraction at 300 oC produced the 
highest amount of total extract and saturated compounds and prolonged extraction at 300 
oC for 120 minutes restricted the formation of long chained saturated compounds and 
favoured production of volatile organic compounds (VOCs) (Montgomery et al., 2013; 
Montgomery et al., 2015). In comparison to static hydrous pyrolysis, dynamic subcritical 
water produced very similar results in terms of percentage yield and saturate content. An 
absence of asphaltene and the presence of partially refined (more saturate rich) oil in the 
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total subcritical water extracts are the features that could be exploited at the plant or 
reservoir scale to reduce refining cost following oil recovery. 
5.1. Introduction 
Subcritical water is liquid water maintained at temperatures at above 100 oC but below 375 
oC, achieved by applying a pressure to suppress steam formation. Previous work has 
demonstrated the ability of subcritical water to dissolve a range of organic compounds 
(Luong et al., 2014; Luong et al., 2015). The ability of water to dissolve polar compounds is 
well known but under certain conditions, subcritical water can also dissolve non-polar 
materials. At 300 oC and 1500 psi or 10 Mpa the dielectric constant of water plummets to a 
value comparable to acetone or isopropanol (Siskin and Katritzky, 1991) thus making it 
highly miscible with organic compounds. High diffusivity, wettability together with reduced 
viscosity allow this environmentally benign medium to effectively mobilise and solubilise 
target compounds from solid materials (Khajenoori et al., 2009) 
One type of organic assemblage which provides analytical challenges that may be overcome 
by subcritical water extraction is that found in oil sands. Oil sands are mixtures of clay, sand, 
water and bitumen which has been generated by the degradation of conventional oil. 
Bitumen is the highly viscous oil which comprises saturates, aromatics, polars, acids, bases 
and asphaltene (Selucky et al., 1977; Selucky et al., 1978). The percentage weight of 
bitumen in oil sand mixture varies from 1 % to 18 % (Czarnecka and Gillot, 1980), the 
remaining composition consists of mainly inorganic materials including quartz and hydrated 
fine-grained phyllosilicates termed clay minerals (Guggenheim and Martin, 1995). The high 
viscosity and high molecular weight nature of the organic matter in oil sands coupled with 
fine grained inorganic materials make the extraction and analysis of heavy oil difficult.  
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Subcritical water extraction provides the potential to effectively extract the organic matter 
in oil sands. The ability to manipulate subcritical water extraction protocols to match the 
polarity of the target analyte allows a bespoke extraction process that suits the degraded 
organic matter in oil sands. Low temperature and low pressure water is ideally suited to 
polar organic compounds while high temperature and high pressure water can access the 
non-polar components. 
In this chapter experimental findings of subcritical water treatment of oil sands at different 
temperatures and durations are reported. The ability of water to solvate different organic 
fractions at varying temperatures provides great analytical flexibility. The influence of water 
on the organic matter in oil sands also has implications for oil recovery methods which often 
use hot water to lower the viscocity of oil to assist recovery. Techniques such as Steam 
Assisted Gravity Drainage (SAGD) and Cyclic Steam Simulation (CSS) are the main methods 
for recovery of heavy oil in oil sand reservoirs that cannot be mined directly at the surface. 
In addition to the thermal reduction in viscosity of the oil, chemical reactions and solvation 
of compounds in water is known to occur but the details are incompletely understood.  
5.2. Experimental  
5.2.1. Samples 
For the experimental work involving oil sand extraction, Osmington Mills oil stained sand 
matrix was used. This oil sand was collected from the Bencliff Grit at Osmington Mills, this 
location features cliff face of clays, limestones and sandstones of Upper Jurassic age. 
Sulphur-poor Osmington sample was selected due to the proximity to an oil reservoir and 
the most likely source of which is the immature type II kerogen Lower Jurassic Blue Lias 
shales. This particular oil sand sample has a total organic carbon (%TOC) of 8.79 and an 
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extractable organic matter content (%EOM) of 11.13 according to previously published 
study (Montgomery et al., 2013). 
Sample of low economic viability Osmington Mills oil sand was used to acquire preliminary 
data on the extraction temperature and time. The sulphur poor nature of Osmington Mills 
oil sand is beneficial to the study as the level of acid gas hydrogen sulphide and hence 
system corrosion rate was kept low. It is important to maintain subcritical water extractor in 
working condition until the end of the research project. The low sulphur content of 
Osmington Mills sample obviates the need for desulfurisation step. This, in turn, allows 
more time for large data set collection in limited timeframe.  
5.2.2. Extraction 
The subcritical water unit has been described before (Luong et al., 2014; Luong et al., 2015). 
Briefly the system is an assembly of three main parts housed inside a gas chromatograph 
oven: a syringe pump, a sample cell and a cooling coil connected to a collection point. 
Temperature is by far the dominant control on variability in the dielectric constant of water 
(Uematsu and Frank, 1980), so the experiments vary temperature but maintain pressure at 
a standard level to ensure the heated water remains in the liquid state. Both static and 
dynamic extraction modes are attainable by closing or opening the outlet valve. The eluent 
is collected in a large conical flask. The conical flask contained at least 20 mL of 
dichloromethane (DCM) prior to eluent collection allowing analytes to readily partition into 
the organic layer.  
For this study, 0.4 g of oil-stained sample was accurately weighed and inserted in the 
reaction chamber of the subcritical water unit. The unit was cleaned vigorously before use 
by subcritical water of 532 mL total volume at 300 oC and 1500 psi in static and 
predominantly dynamic modes. The unit was then fitted in the oven and clean deionised 
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water was pumped through the unit to flush any air from the system, no extracted oil was 
observed in the eluent water at this stage therefore no sample loss occurred. Following 
flushing, the downstream valve was shut and water in the system quickly stabilised to the 
desired pressure. Once the intended temperature was achieved, the upstream isolation 
valve was shut after another five minutes of internal pressure stabilisation. The reaction was 
then left to proceed for the set duration. 25 mL of eluent was collected into a beaker. The 
colour of the eluent varied from pale yellow to a more intense yellow with increasing 
extraction temperature and duration. The experiment was repeated at different static 
extraction durations. Organic layers were reduced in volume with the use of rotary 
evaporation. The overwhelming quantity of data, limited timeframe of the project and the 
importance of next experimental studies precluded triplicate analyses in this particular 
chapter.  
5.2.3. Fractionation 
Fractionation of the subcritical water extract was performed by mixing the extract with 
Al2O3 placing the extract and adsorbent on top of an Al2O3 column (2 cm x 0.7 cm) and then 
eluting three fractions (saturates, aromatics and polars) using n-hexane, DCM and 
methanol. The fractions were transferred to 2 mL vials and reduced under a stream of 
nitrogen gas then weighed using a sensitive five figure analytical balance.  
5.2.4. Recovery of experimental residue 
To recover the extracted sample from inside the subcritical water extraction unit, the oven 
and subcritical water system were allowed to cool. Water was passed into the system and 
the valves were closed to loosen sand inside the chamber and facilitate its removal. The 
recovered sand was then filtered using filter paper and dried in a dry box overnight. Solvent 
  
162 
 
extraction of the recovered sand was carried out using 93:7 DCM/methanol. The extracts 
were evaporated to dryness and subjected to asphaltene precipation in n-heptane and 
fractionation of remaining maltenes into saturate, aromatic and polar fractions. 
5.2.5. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) 
Spectra of asphaltene fractions from the recovered sand were obtained with Thermo 
Electron FTIR spectrometer (Thermo Fisher Scientific, USA) equipped with a deuterated 
triglycine sulphate (DTGS) detector. The dry asphaltenes were first dissolved in small 
quantity of toluene (distol-pesticide residue grade, Fisher Scientific UK) and placed on the 
surface of a Smart Orbit attenuated total reflection (ATR) module. The instrument was 
operated in single-reflection mode. FTIR spectra were collected in the range 4000 – 525 cm-1 
with 32 scans per sample at spectral resolution of 4 cm-1. After each sample analysis the ATR 
surface was cleaned with a precision wipe (KIMTECH SCIENCE –Kimberly-Clark Professional) 
and toluene. Each analysis was repeated three times on each SCWE treated sample, 
background spectra were collected and automatically subtracted from the sample spectrum.  
Peak assignments are based on a previous oil sand study (Montgomery et al., 2013). 
5.3. Results 
Subcritical water extraction of Osmington Mills oil sand at different temperatures leads to 
significantly different total extractable amounts and relative abundances of the chemical 
fractions contained within those extracts (Tables 5.1 to 5.3). At a constant 20 minutes of 
water treatment the amount of saturated compounds increased with varying temperature 
very slowly up to 200 oC, amount of saturated compounds increased by four fold at 250 oC 
and almost doubled in quantity again when the temperature was raised to 300 oC. The 
measured aromatic fractions indicated a very sluggish increase with temperature and in a 
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similar fashion the temperature effect on polar yields was very limited. Numerical data 
present very similar trends for 60 minutes extractions but lengthy extraction at 250 oC and 
300 oC lead to a drop in saturate yields in comparison to 20 and 60 minutes. Asphaltene was 
not found in subcritical water extracts. A comparison of extraction yield between this study 
and the previously published work was made (Table 5.4). 
Table 5.1. Subcritical water extracted of 0.4 g Osmington Mills after 20 minutes. BDL denotes below detection 
limit. 
Temperature  
(oC) 
  Extract 
(mg) 
   
  Saturate Aromatic Resin Asphaltene Total 
extract 
(% Yield) 
23  BDL BDL BDL BDL BDL 
50  BDL BDL BDL BDL BDL 
100  0.1 0.2 0.1 BDL 0.4 
(0.1%) 
150  0.2 0.1 0.1 BDL 0.4 
(0.1%) 
200  0.3 0.1 BDL BDL 0.4 
(0.1%) 
250  1.2 0.6 0.3 BDL 2.1 
(0.525%) 
300  2.1 0.5 0.2 BDL 2.8 
(0.7%) 
 
Table 5.2. Subcritical water extracts of 0.4 g Osmington Mills after 60 minutes. BDL denotes below detection 
limit. 
Temperature  
(oC) 
  Extract 
(mg) 
    
  Saturate Aromatic Resin Asphaltene Total 
extract 
(% Yield) 
 
23  BDL BDL BDL BDL BDL  
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50  BDL BDL 0.4 BDL 0.4 
(0.1%) 
 
100  BDL 0.1 BDL BDL 0.1 
(0.025%) 
 
150  BDL 0.4 BDL BDL 0.4 
(0.1%) 
 
200  0.4 0.2 BDL BDL 0.6 
(0.15%) 
 
250  1.6 0.5 0.5 BDL 2.6 
(0.65%) 
 
300  3.4 0.5 0.6 BDL 4.5 
(1.125%) 
 
 
Table 5.3. Subcritical water extract of 0.4 g Osmington Mills after 120 minutes. BDL denotes below detection 
limit. 
Temperature  
(oC) 
  Extract 
(mg) 
   
  Saturate Aromatic Resin Asphaltene Total 
extract 
(% Yield) 
23  BDL BDL 0.1 BDL 0.1 
(0.025%) 
50  0.2 BDL BDL BDL 0.2 
(0.05%) 
100  0.2 BDL BDL BDL 0.2 
(0.05%) 
150  0.2 0.3 BDL BDL 0.5 
(0.05%) 
200  0.7 0.4 0.1 BDL 1.2 
(0.3%) 
250  1.1 0.4 BDL BDL 1.5 
(0.375%) 
300  1 0.6 0.2 BDL 1.8 
(0.45%) 
 
Table 5.4. Comparison of extraction yields between this study and previous study (Montgomery et al., 2013). 
This study    
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Experimental 
conditions 
300 oC /20mins 
1500 psi 
300 oC /60mins 
1500 psi 
300 oC /120mins 
1500 psi 
% Yield (total 
extract) 
0.7 1.125 0.45 
Previous study     
Experimental 
conditions 
275 oC /24hrs 
800 psi 
300 oC /24hrs 
1250 psi 
325 oC /24hrs 
1750 psi 
% Yield (flotate) 0.43 0.11 2.08 
 
In addition to changes in extract yield and extract chemistry, there are noticeable visible 
differences to the extracts produced at different temperatures (Figures 5.1 to 5.3). A very 
pale yellow colour can be observed in the dichloromethane (DCM) extracts of 150 oC 
regardless of durations. A deeper yellow colour developed from 200 oC to 300 oC and 
reflected a progressive change in chemical composition of extracts as higher temperatures 
were attained. A more objective measurement of change of colour intensity would involve 
ultraviolet-visible spectroscopy (UV-Vis) and quantitation of concentration of UV or visible 
light absorbing organic compounds present in the extract. The Beer-Lambert law equation is 
used to assess the concentration of chromophore bearing organic compounds: 
A = -log (I/Io) = Ɛ [organic] L 
Where A = absorbance, I = initial light intensity, Io = transmitted light intensity, Ɛ = molar 
absorptivity expressed in M-1 cm-1, [organic] = concentration of chromophore bearing 
organic compounds expressed in molarity M, L = distance incident light travels through the 
sample in the cuvette expressed in cm, this value can vary depending on the volume of 
extract to be analysed.  
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However, unavailability of UV/Vis spectrophotometer meant that such measurement was 
not possible and therefore visual assessment was made for the change in colour intensity. 
This visual assessment was further supported by quantitative data of aromatic and polar 
fractions. 
 
Figure 5.1. Dichloromethane extracts of collected eluent. Colour intensifies with temperature (from left to 
right): 300 oC /20 min, 250 oC /20 min, 200 oC /20 min and 150 oC /20 min. 
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Figure 5.2. Dichloromethane extracts of collected eluent. Colour intensifies with temperature (from left to 
right): 300 oC /60 min, 250 oC /60 min, 200 oC /60 min, and 150 oC /60 min. 
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Figure 5.3. Dichloromethane extracts of collected eluent. Colour intensifies with temperature (from left to 
right): 300 oC /120 min, 250 oC /120 min, 200 oC /120min, and 150 oC /120 min. 
The juxtaposition of DCM extracts from experiments performed at 300 oC underlines the 
changes in chemistry when the extraction time was extended from 20 minutes to 120 
minutes (Figure 5.4). The change in colour intensity from 20 minutes to 60 minutes is 
accompanied by a threefold increase in polar fraction abundance while 120 minutes of 
treatment produces an extract that contains the highest amount of aromatic materials.  
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Figure 5.4. Dichloromethane extracts of collected eluents. An increase in colour intensity is clearly visible at 
longer extraction duration (from left to right): 300 oC /20 minutes, 300 oC /60 minutes, 300 oC /120 minutes. 
Hot water can induce chemical changes to organic matter. To assess any chemical changes 
to the organic matter in the oil sand samples ATR-FTIR was performed on the asphaltene 
fractions recovered from the experimental residues (Figure 5.5). Subcritical water extraction 
appears to leave the high molecular weight asphaltenes behind in the sample chamber.  As 
entities that remain continuously under the influence of hot water, the asphaltenes are 
good targets to examine for any subcritical water-induced organic reactions.  
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Figure 5.5. Attenuated Total Reflectance (ATR) spectra of asphaltenes of recovered mineral matrices after 
subcritical water treatment at 300 oC for 2 hours.  
The ATR-FTIR data for the asphaltene fractions reveal a number of organic functional 
groups. Bands at 1378 and 1455 cm-1 arise from bending vibrational mode of alkyl C-H, 
medium intensity band at 1602 cm-1 is the consequence of stretching vibration of carbon 
double bond of aromatic compounds. A sharp band of wavenumber 1702 cm-1 is indicative 
of stretching mode of carbonyl functional group and polar ester compounds are most likely 
represented by this response. Stretching vibrational mode of alkyl C-H results in strong 
intensity bands at 2852, 2923 and 2950 cm-1. Integration data for the bands identified 
provide a means to assess changes in the relative abundances of the various functional 
groups in the asphaltenes (Figures 5.6 to 5.8). Data is presented in detail in Appendix 5. 
Following ATR-FTIR functional groups assignment, the height of each peak that corresponds 
to distinct functional groups was recorded. The consequences of hot water treatment on 
asphaltene can be deduced by observing the falling patterns of aromatic and carbonyl bands 
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and the increasing infrared absorption by methyl and methylene functional groups (Figure 
5.6 and 5.7). Recorded peak height ratio of aromatic C=C band dropped from 0.380 to 0.102 
after extraction was lengthened from 20 minutes to 120 minutes while keeping the 
temperature at 300 oC, a smaller drop was seen for the carbonyl band from 0.386 to 0.159 
(Figure 5.6). Peak height ratio data displays an upward trend for absorption bands 
diagnostic of saturated hydrocarbons with increasing temperature, methyl band peak height 
ratio increased by 12 percent from 20 minutes to 120 minutes and other methylene band 
showed more modest rise in the same timeframe (Appendix 5).  
When the invariable was switched to extraction time (Figure 5.7), similar trends occurred. 
The aromatic C=C band dropped by a factor of 4 from 150 oC to 300 oC for an extraction 
duration of 2 hours and the carbonyl signal decreased by 70 percent (Appendix 5). Bands 
associated with saturated compounds experienced a rise with methyl CH band at 2950 cm-1 
increasing from 0.459 at 150 oC to 0.520 at 200 oC, methylene 2852 cm-1 climbed to 0.678 at 
300 oC from 0.619 at 150 oC. 
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Figure 5.6. Integration data for ATR-FTIR bands corresponding to different functional groups found in the 
remaining asphaltenes after subcritical water extraction at 300 o C for different durations. Band integration 
was normalised to the peak 2923 cm-1 which was the most prominent peak on the spectra. Standard deviations 
of the repeated measurements on the same sample are reported in Appendix 5.  
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Figure 5.7. Integration data for ATR-FTIR bands corresponding to different functional groups found in the 
asphaltenes remaining after subcritical water extraction at different temperatures while maintaining the two 
hours extraction duration. Band integration was normalised to the peak 2923 cm-1 which was the most 
prominent peak on the spectra. Standard deviations of the repeated measurements on the same sample are 
reported in Appendix 5. 
Further examination of recovered sand revealed similar descending patterns of residual 
asphaltene contents with higher temperatures and longer extraction times (Figure 5.8). And 
Osmington Mills oil sand sample which was treated with hot water at 100 oC for 20 minutes 
had 8.2 mg of asphaltene and when 60 minutes extraction was carried out at the same 
temperature this value only dropped slightly to 8.1 mg. Temperature elevation to 250 oC 
produced a much greater difference, 20 minutes of heating under hydrous conditions left 
behind 5.6 mg of asphaltene on the sand whereas a 60 minutes duration resulted in 1.7 mg 
of asphaltene remaining on the sample, the latter value is less than one third of the former  
and this significant reduction is a sign of remarkable changes of asphaltene chemistry. It 
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should also be noted that the quantity of residual asphaltene after 60 minutes extraction is 
lower in comparison to 20 minutes for experiments at 300 oC. The amounts of residual 
asphaltene after 120 minutes extraction are very similar to the amount of residual 
asphaltene after 60 minutes extraction at experimental temperatures from 23 oC to 250 oC 
with the exception of 300 oC outlier (highlighted) (Table 5.5), this may imply that longer 
extraction time does not necessarily equate to additional breakdown of asphaltene.   
Table 5.5. Amounts of residual asphaltene measured in mg after 60 minutes extraction and 120 minutes 
extraction at different experimental temperatures. Shaded column represents outlier. 
 23 oC 50 oC 100 oC 150 oC 200 oC 250 oC 300 oC 
60 
minutes 
13.5 9.7 8.1 1.8 2.5 1.7 2.5 
120 
minutes 
13.4 9.2 6.6 4.7 2.4 2.3 8 
 
 
Figure 5.8. Comparison of remaining asphaltene in sand residue. Following subcritical water extraction at 
different temperatures and durations the sand samples were subjected to solvent extraction using 
DCM/MeOH to extract the remaining maltene and asphaltene. Asphaltene precipitation was carried out in n-
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heptane organic solvent. The fall in asphaltene in recovered mineral matrix correlates with high water 
temperature. Extraction duration is also responsible for the decrease in asphaltene values but the downside of 
extended extraction time is the production of low molecular weight volatile hydrocarbons (methane, ethane, 
propane and butane). 
5.4. Discussion 
At ambient and near ambient temperatures (23 oC and 50 oC) the total hydrocarbon extracts 
are almost negligible regardless of duration and extraction, the high dielectric constants of 
water at these low temperatures are unable to dissolve the oil sand organic matter 
including relatively polar compounds. The highest total extract 4.5 mg was achieved at 
extraction temperature of 300 oC and extraction time of 60 minutes (Table 5.2). This figure 
represents one tenth of the extractable organic matter (%EOM) value reported in the 
literature (Montgomery et al., 2013). However, it should be noted that the value reported in 
Montgomery et al. (2013) study was achieved by solvent extraction using dichloromethane-
methanol mixture which is a very potent and versatile solvent system as explained in 
chapter 3.  
Yields of saturate fractions increase progressively at temperatures above 50 oC while 
extraction yields of aromatic and polar fractions also experience some increase. 
Defunctionalisation of polar fraction is possibly responsible for the drop in yields of the 
polar fractions particularly at longer durations. Enhanced solubility of aliphatic compounds 
and loss of polar compounds at high temperatures were reported in previous studies of 
organic biomarkers (Luong et al., 2014; Luong et al., 2015) and aquathermolysis of oil sand 
(Montgomery et al., 2013). 
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Asphaltene which represents high molecular weight clusters of condensed aromatic and 
naphthenic rings (Groenzin et al., 2000; Strausz et al., 1992). Asphaltenes are known to be 
insoluble in saturated hydrocarbon solvents such as n-heptane or n-pentane, they however 
are soluble in aromatic hydrocarbon solvents benzene or toluene (Spiecker et al., 2003). The 
acquired dielectric constants of subcritical water are not comparable to that of toluene or 
benzene (chapter 4). Asphaltene therefore was not extracted by subcritical water at the 
given experimental temperatures but chemical degradation of this macromolecular 
compound was observed. Degradation is most extreme at high temperature and long 
extraction time as shown by the amounts of residual asphaltene recovered by solvent 
extraction (Figure 5.6). Further evidence can be observed from infrared spectroscopic data 
of the residual asphaltene (Figure 5.7 & 5.8), the band 2852 cm-1 associated with saturated 
compounds show increasing responses with higher temperatures while band 1702 cm-1 
diagnostic of carbonyl compounds decreases in signal intensity when normalised to the 
most prominent band 2923 cm-1. This is another indication that the saturated compounds 
were formed as the result of degradation of polar compounds. 
Saturated hydrocarbons, due to their colourless nature, cannot contribute to the change in 
colour intensity of dichloromethane extracts across the temperature spectrum whereas 
aromatic and polar compounds are known chromophores. The aromatic and polar entities 
are responsible for the increased colour intensity of the extracts at 300 oC and prolonged 
hot water treatment durations (Figure 5.4). The aromatic and polar rich asphaltene fraction 
is an abundant source of these chromophores and the breakdown of asphaltenes could very 
well be the primary cause of the colour changes observed (Free radical degradation of 
macrolecular asphaltene Appendix 5).  
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Previously published work can provide an insight into the mechanisms occurring during 
subcritical water extraction (Lewan et al., 1979). Previous work has also provided 
experimental evidence that insoluble polymeric macromolecules can be converted to low 
molecular weight compounds in the presence of water at high temperatures (Siskin and 
Katritzky, 1991).  The combined study of isotopic labelling and hydrous pyrolysis showed the 
quenching effect of water-derived hydrogen and oxygen on free-radical  intermediates from 
bitumen macromolecules and this incorporation of oxygen and hydrogen from water led to 
the formation of saturated alkanes and alkylphenols (Seewald, 2003; Montgomery et al., 
2013; Montgomery et al., 2015). Based on these studies thermally assisted hydrolytic 
decomposition of asphaltene is a sound reasoning for the intensifying colour change of 
subcritical water extracts from 150 oC to 300 oC (Figure 5.1, 5.2 & 5.3). 
The results from this dynamic mode study are consistent with those from the study of static 
hot water treatment of Osmington Mills (Montgomery et al., 2013). In both static and 
dynamic studies the saturate fraction saw a sharp rise in yields from 250 oC and above, the 
elevation of aromatic yields occurred in a more modest magnitude and plateaued at very 
high temperatures and a fluctuation in the amount of polar compounds was observable but 
generally a very minor increase was recorded. The calculated total extracts for 300 oC are 
very close to the reported flotate percentage yields in the previously published study of 
Osmington sample (Montgomery et al., 2013) (Table 5.4). In this study subcritical water 
extracts contain very high levels of saturated compounds (50 % - 75 % w/w of the total 
extract) (Table 5.1 to 5.3) and no asphaltene and the absence of asphaltene in the total 
extracts is the main difference between this study and the previous one (Montgomery et al., 
2013), this presents substantial economic and environmental benefits as post extraction 
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refining process can be avoided. A very striking difference between this study and the 
Alberta oil sand study in 2015 (Montgomery et al., 2015) is the lack of sinkate, a layer of 
separated oil lay under the water but over the sediments appeared at temperature above 
225 oC and disappeared at temperature exceeding 275 oC. The sinkate, according to 
Montgomery et al. (2015) study, could affect the flow characteristics of fluid in the 
reservoir. The dynamic nature of subcritical water may allow less residence time of oil in the 
reaction chamber or reservoir and therefore prevent the formation of two distinct 
hydrocarbon rich phases capable of moving at different rates. From environmental 
assessment point of view, the long duration of steam injection method leads to increased 
solubility of subsurface toxic compounds (Millemann et al., 1982). The low residence time of 
dynamic subcritical water in heavy oil reservoir should therefore lead to low concentration 
of subsurface hazardous compounds in the extracts in comparison to steam injection 
methods. 
High yield of saturated compounds coincides with high experimental temperatures but 
prolonged exposure has a negative effect on the generated saturated compounds as high 
temperature favours formation of highly volatile shorter chain hydrocarbons (Lewan, 1993; 
Montgomery et al., 2013). Another aquathermolysis study of heavy oil also advocates the 
use of temperature at around 300 oC to obtain saturate-rich extracts (Montgomery et al., 
2015)  
Although the provenance of the sample used in this study presents no economic viability, 
the ongoing push for technology evolution to maximise recovery of heavy oil means that the 
Osmington oil sand can be used to test out different extraction technology that could 
benefit the industry.  
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Future study should target oil sand of high commercial value such as Alberta oil sand. The 
Canadian oil sand is known to contain 18.5 % EOM and high sulphur content (>2 w %) 
(Montgomery et al., 2015). Consequently, subcritical water extraction of Alberta oil sand 
could produce greater total extracts. Acid gas production and accelerated system corrosion 
are the expected outcomes of subcritical water extraction of Athbasca oil sand. Asphaltene 
chemistry is not expected to change significantly but the sulphur rich nature of Athabasca 
asphaltene can lead to structural degradation at lower temperature due to lower 
dissociation energy of carbon-sulphur bond and hence facilitated formation of sulphur 
radicals (Lewan, 1998).  
5.5. The potential of subcritical water in petroleum industry 
Steam injection is a very common thermal enhanced oil recovery (EOR) method (Alvarez and 
Han, 2013). The use of steam at temperatures 200 – 300 oC under 1 Mpa of pressure is said 
to alter the viscosity and chemistry of heavy oil (Fan et al., 2002). The participation of 
individual water molecule has a direct impact on the generation of low molecular weight 
components (Clark et al., 1983). Liquid water has higher density than steam therefore a 
greater mass of liquid water can be injected into an oil sand deposit in comparison to water 
in gas phase. Consequently this would mean a higher abundance of water molecules 
available to chemically alter high molecular weight component of heavy oil. Energy intensive 
water desalination is often required prior to steam production. Subcritical water is able to 
tolerate a variety of additives as discussed in chapter 1 thus brine could potentially be used 
in enhanced oil recovery process. The use of brine to generate subcritical water will 
eliminate costs associated with pretreatment of water and post extraction purification. A 
greater mass of pressurised superheated water will lead to greater oil recovery. These 
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factors together will drive down production cost in petroleum industry which ultimately 
should contribute to lower operation costs of various businesses.  
5.6. Conclusions 
Dynamic subcritical water removed the soluble maltene fractions from oil sand most 
effectively at 300 oC. Hydrolytic thermal decomposition of asphaltene contributes to the 
colour change of the extracts, hence the amount of aromatic and polar compounds 
increases at decomposition temperatures. Defunctionalisation of polar compound in hot 
aqueous condition is chemically plausible and is the cause of loss of polar fractions at high 
temperature. The electron rich nature of asphaltene polymeric network renders it 
susceptible to structural breakdown via free radical intermediates. Spectroscopic evidence 
demonstrates the progressive reduction of infrared absorption by C=C and C=O bonds which 
is indicative of macromolecular disintegration with water derived proton and oxygen 
transfer providing a quenching effect on free radical sites leading to an increase in signal for 
saturated alkanes on the infrared spectra. Duration of extraction also has an adverse effect 
on the yields of high molecular weight saturated compounds, prolonged exposure to 
extreme temperature often generates volatile organic compounds. The ideal extraction time 
for the recovery of saturated compounds rich extracts appears to be 60 minutes and the 
ideal temperature is 300 oC. 
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Chapter 6 - Subcritical water extraction of samples from a Mars 
analogue acidic sulphate-rich stream 
Abstract  
Acidic and sulphate dominated watercourses represent good analogue sites to study the 
habitability and mineral deposits of the Hesperian Era of Mars. Subcritical water extraction 
of goethite and jarosite rich samples from an acidic sulphate rich stream produced different 
classes of organic biomarkers indicative of biodiversity in this low pH environment. 
Saturated hydrocarbons, carboxylic acids and aromatic N-heterocyclic molecules were 
identified in a microbial mat sample. A moss nodule exterior extract contains mostly long 
chain hydrocarbons, lipid membrane components and triterpenoids. Extraction of a woody 
fragment produced alkyl methoxy phenols and aromatic aldehydes which are markers of 
lignin. Clay mineral dominated bank materials bear no biosignatures and the physical 
exclusion and therefore inhabitability of this material could be the leading cause of this 
absence. Experimental findings in this study imply similar outcomes are possible in other 
hostile environments in particular Mars where jarosite and gypsum have been found.  
6.1. Introduction 
6.1.1. Terrestrial sulphate bearing minerals 
Over 350 sulphate minerals are reported to exist on Earth (Cloutis et al., 2006). The 
formation of these sulphate minerals usually occur in wet environments where sulphides 
undergo oxidation (Thomas, 1993). Cations that exist with sulphate anions in the crystal 
structure can give rise to different types of minerals (Hawthorne et al., 2000), which has an 
effect on the chemical bonding and physical properties of the minerals. Gypsum is a 
hydrated sulphate mineral with calcium cations, usually associated with arid climatic 
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conditions (Rubio and Escudero, 2000) however it can also be formed by bacterial activity 
(Thompson and Ferris, 1990). Iron sulphates such as jarosite are often linked to acidic mine 
water (Figueiredo and da Silva, 2011). Jarosite is thought to be the oxidation product of iron 
sulphides that were exposed through mining activities (Sheoran and Sheoran, 2006). This 
type of ferric iron-containing mineral can serve as a breeding ground for iron reducing 
bacteria (Adams et al., 2007) and sulphate reducing bacteria (Rowe et al., 2007).  
6.1.2. Gypsum and Jarosite on Mars 
Viking X-ray data in 1976 led to speculation that sulphate minerals could exist on Mars 
(Toulmin et al., 1977). Thermal emission spectroscopy from Pathfinder provided a second 
line of evidence for this argument (Cooper and Mustard, 2002). Direct evidence only 
surfaced after the Opportunity rover came across a gypsum vein within the rim of 
Endeavour Crater (Squyres et al., 2012). Jarosite is expected to be abundant at Meridiani 
Planum as liquid water was active for short period of time in that region. The short supply of 
water eventually led to incomplete chemical weathering process in the early history of 
Mars, this left jarosite (KFe3(SO4)2(OH)6) and other ferric sulphates as stable mineral 
products in Meridiani Planum regolith (Madden et al., 2004). Zolotov et al. (2005) study 
heighted the importance of water in the formation of jarosite on Mars:  
FeS2 + 3.5O2 + H2O → 2Fe2+ + 2SO42- + 2H+   (1) 
Fe2+ + 0.25O2 + 2.5H2O → Fe(OH)3 + 2H+  (2) 
FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO42- + 16H+ (3) 
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The reaction (1) was made possible by the highly oxidising environment of Mars a few 
billions years ago (Tuff et al., 2013). Iron (II) in reaction (3) were oxidised by more oxygen to 
iron (III) and the cycle continued until supply of water was exhausted.  
An alternative oxidation pathway could have occurred: 
H2O2 + 2Fe2+ + 2H+ + SO42- + → 2Fe3+ + 2H2O + SO42-  
Hydrogen peroxide is a possible oxidant that exists in Martian regolith according to Encrenaz 
et al. (2012) study. Laboratory simulated chemical weathering provided evidence of 
oxidation of iron (II) bearing olivine rich basalt involving sulphuric acid (Golden et al., 2005). 
The precipitation of jarosite requires input of other metals such as potassium or sodium and 
these metals have been detected in Martian soil (Rieder et al., 1997). 
The finding of zinc and bromine rich rocks also substantiated the occurrence of a 
hydrothermal system in the past. Following these discoveries different studies have since 
suggested the ancient aqueous environment could have supported microbial life billions of 
years ago (Kounaves et al., 2010). Other studies also proposed a living but dormant 
microbial community on Mars (Benison and Karmanocky, 2014) adapted to the extreme 
conditions just like those found on Earth (Fernández-Remolar et al., 2004). Hydrated calcium 
sulphate can act as a water source for plants in dry and arid terrestrial environments and 
may perform a similar function on other planetary bodies (Palacio et al., 2014). The other 
sulphate mineral detected by Opportunity were jarosite along with other iron bearing 
minerals (Klingelhofer et al., 2004). Jarosite is inherently associated with acidic conditions 
and, therefore, the presence of such a mineral on Mars indicates low pH in the past of the 
planet (Zolotov and Shock, 2005). Acidic environments are known to accelerate the 
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dissolution of plagioclase (McAdam et al., 2008) and therefore supply mineral ions essential 
for activities of endolithic communities (Edwards et al., 2005). Other studies have also 
shown that acidic environments do not place any restraints on the vitality of microorganism 
ecosystems (Gómez et al., 2012). 
6.1.3. Minerals and their influence on preservation of biomarkers 
Degradation of organic matter is thermodynamically favoured (LaRowe and Van Cappellen, 
2011), therefore decomposition of organic compounds occurs naturally and often relatively 
quickly (Conant et al., 2011). However, this destructive process can be moderated by 
adsorption of organic compounds on mineral surfaces (Kennedy et al., 2002). This 
relationship was explored for non-astrobiology purposes (Mayer, 1994) and is useful in 
shedding new light on Martian mineralogy and its biochemistry (Sephton et al., 2013; 
Parnell et al., 2012; Sumner, 2004). Sulphate minerals are seen as ideal shelters for organic 
biomarkers (Bowden et al., 2007) and they are potential targets for biomarker analysis on 
Mars (Wilson and Bish, 2012). It has been shown that even the highly labile amino acids 
could still be found on Mars after billions of years locked inside sulphate minerals as gypsum 
can significantly slow down the rates of decarboxylation of amino acids such as glycine and 
alanine at low surface temperature of Mars (-20 oC) and jarosite can provide shielding 
against radiolysis (Aubrey et al., 2006). The possible presence of water on Mars in the past 
(Christensen, 2003) could have also given rise to another evaporite mineral, halite 
(Rothschild, 1990). Halites could have been formed when surface water on Mars evaporated 
following an event that deprived Mars of its atmosphere (Chassefière et al., 2013; Martínez 
and Renno, 2013). Microorganisms that take refuge in evaporites must be able to withstand 
the osmotic pressure and are known as osmophiles or halophiles (Mancinelli et al., 2004). 
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They protect themselves from the osmotic effect by accumulating organic osmolytes (Burg 
and Ferraris, 2008) which are amino acids, carbohydrates, amines, polyols and urea (Yancey, 
2005). Halophilic bacteria were isolated from salt deposits of over 180 million years old on 
Earth (Dombrowski, 1963) and halite crystal entrapment helped to preserve Archaeal 
halobacterial lipid materials (Norton et al., 1993). Halites are, therefore, another mineral 
target in the search for organic biomarkers on Mars (Barbieri and Stivaletta, 2011). The 
coexistence of clay minerals and organic matter has long been recognised (Garvie and 
Buseck, 2007; Pearson et al., 2002; Yu et al., 2009). Clay minerals are often seen as 
indicators for liquid water and their large surface area allows them to trap organic materials 
(Sephton et al., 2013).  
Halite, sulphate and clay minerals are all suitable targets for organic geochemical analyses 
on Mars as they can concentrate and protect potential organic records of life from oxidants, 
ultraviolet radiation (UV) and galactic cosmic rays radiation (GCR) (Parnell et al., 2007). 
In this study subcritical water extraction was performed on a variety of samples from an 
acidic sulphate rich stream with the purpose of isolating organic biomarkers. The extraction 
conditions applied in this study are based on previous studies of spiked minerals and 
sedimentary rocks (Luong et al., 2014; Luong et al., 2015). 
6.2. Experimental  
6.2.1. Samples  
The author of this thesis does not hold the proprietary rights to the samples therefore only 
brief description is provided in this section.  
Different layers of sedimentary materials containing high contents of sulphate minerals 
were selected for subcritical water extraction experiments (Table 6.1). Samples were 
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crushed to fine powders and weighed using an analytical balance. The mineral contents of 
each sample were characterised by X-ray diffraction (XRD).   
6.2.2. Subcritical water extraction 
The subcritical water extraction (SCWE) system is a bench top unit comprising three main 
components: a deionised water pump, a reaction chamber and a collection point (Chapter 
3). First the water pump submerged the sample in the reaction chamber, the component 
that is part of the stainless steel fitting located inside the gas chromatograph (GC) oven. 
Following complete submersion the system was vented three times to expel air. This 
submersion step does not cause any hydrocarbon extraction due to high dielectric constant 
of water at ambient temperature (Luong et al., 2015). The reaction chamber was 
pressurised to 1500 psi followed by pressure stabilisation. The solid-liquid reaction mixture 
was heated up to 300 oC by the GC oven. During this period the water pump regulated the 
internal pressure and maintained the experimental pressure at 1500 psi. To further prevent 
runaway pressure rise an additional 5 minutes of stabilisation was needed, after this point 
the inlet valve was shut off to completely isolate the reaction chamber. The extraction 
proceeded for 20 minutes followed by outlet valve opening and eluent collection. Extraction 
at 300 oC for 20 minutes was performed in triplicate to enable the repeated identification of 
organic biomarkers. After each extraction the sample was thoroughly removed and the 
reaction chamber was rigorously cleaned with 600 mL of subcritical water at 300 oC. The 
cleaning eluent was also collected to monitor for any sign of sample carryover.  
Table 6.1. Selected samples for subcritical water extraction. Each sample is named according to their sampling 
locality. Mineral composition is characterised by X-ray diffraction (XRD). 
Sample ID Core Description Mineral composition 
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3M 3 Microbial mat 63.8 % quartz, 25.9 
% goethite, 10.3 % 
jarosite. 
4M 4 Microbial mat 59 % goethite, 39.5 
% quartz, 1.4 % 
kaolinite. 
6E 6 Exterior of nodule 18.9 % goethite, 
56.2 % quartz, 18.1 
% illite, 4.1 % 
kaolinite, 1.2 % 
microcline, 1.6 % 
jarosite. 
7W 7 Woody fragments N/A 
1C 1 Clay 69.4% quartz, 20.6% 
illite, 0.5% jarosite, 
1.1% microcline, 
8.4% kaolinite. 
 
6.2.3. Post- subcritical water extraction treatment 
The collected eluent was quantitatively transferred to a clean separating funnel by rinsing 
out the beaker with dichloromethane (DCM). High performance liquid chromatography 
(HPLC) grade DCM was sourced from Fisher Scientific, UK. An additional 10 mL of DCM was 
added and shaken, the denser DCM was collected into a clean round bottom flask and these 
steps were repeated twice. The combined DCM portions were reduced to a small volume on 
a rotary evaporator and the final extract was transferred to chromatography vials. 
6.2.4. GC-MS analyses 
Organic compound separation was achieved using an Agilent Technologies G3172A gas 
chromatograph fitted with an Agilent HP-5MS column (29.55 m x 250 µm x 0.25 µm). Helium 
carrier gas flow rate was 1.1 mL/min. Injection volume was 1 µL and injection mode was 
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splitless. The front inlet temperature was 250 oC and the oven temperature programme was 
held for 1 minute at 50 oC followed by a temperature ramp of 4 oC min-1 to 310 oC, where 
the temperature was held for 20 minutes. Total run time was 86 minutes. Analyte 
identification was performed using an Agilent Technologies 5973 Mass Selective Detector 
set on full scan for a mass range from 50.0 to 550.0 amu. The ionisation source temperature 
was maintained at 230 oC and mass analyser quadrupole temperature was 150 oC. A nine 
minute solvent delay was employed. Mass spectra were interpreted by reference to the 
NIST 2008 mass spectral database.  
6.2.5. X-ray diffraction (XRD) 
Mineral phases of fresh and extracted samples were analysed using an X-ray diffractometer 
PANalytical X’Pert Pro MPD where copper was used as X-ray source. Operating conditions 
were 45 kilovolts (kV) and 40 milliamps (mA). Primary monochromator (Ge 111) was used to 
filter out unwanted radiation and direct K-alpha 1 radiation at the sample. Analysis was 
carried out in transmission geometry using 1/32 o divergence slit. Data was collected with 
X’Celerator using active length 2 where 2 = 2.122 o. Sample was rotated at the rate of 30 
rpm during the analysis. Scan range was between 5 o and 97 o expressed as 2, counting 
time was 1800 seconds per step, step height was 0.017 o. Phase identification and 
quantitation were performed on X’ Pert software, percentage error for mineral phase less 
than 10 % is ±1 % and mineral phase more than 10 % is ±5 %. 
6.3. Results 
6.3.1. Subcritical water extraction of core 3 & 4 microbial mat  
SCWE of a microbial mat (3M) at 300 oC for 20 minutes produced an intense yellow colour 
solution with a burnt woody smell. After evaporation this smell became more pronounced. 
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The residual sample after extraction became charred and lumped together (Figure 6.1). A 
representative chromatogram of 3M shows the presence of esters, carboxylic acids, mono 
unsaturated alkene, hydroxylated aromatic compounds, ketones, aldehyde, benzofuran and 
nitrogen containing compounds (Figure 6.2) (Table 6.2) (Appendix 6).  
 
Figure 6.1. Fresh 3M sample before extraction (left) and sample residue after extraction (right).  Visual 
expression of mineral makeup alteration caused by subcritical water. 
Table 6.2. Different classes of compounds extracted from the chosen samples 3M, 4M, 6E, 7W. 4-(1-
methylethyl)-2-cyclohexen-1-one is a monoterpene ketone, 2,3-dimethyl-1H-indole is an aromatic heterocyclic 
organic compound, 1-heptadecene is an alkene, n-hexadecanoic acid is also known as palmitic acid and a 
component of lipid, 4-hydroxy-3-methoxybenzaldehyde, 2-methoxyphenol, 4-ethyl-2-methoxy phenol, 2,6-
dimethoxy phenol and 2-methoxy-4-vinyl phenol are degradation products of lignin aromatic alcohol 
monomers, 2,6,10,14-tetramethyl-2-hexadecene is the oxidised form of phytane which is constituent of the 
lipid membrane of Archaea, tricosane a C23 n-alkane appears ubiquitously in peat moss, cis-octadecenoic acid 
or oleic was co-extracted along with vaccenic acid which can be found in vegetables and animal fats. Sample 
extractions were conducted in triplicate.  
Extracted compound Structure Retention time 
(minutes) 
Sample 
4-(1-methylethyl) -2-
cyclohexen-1-one 
 
 16.886 
(±0.016) n=3 
 
3M 
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2,3-dimethyl-1H-indole  24.778 
(±0.013) n=3 
3M, 4M, 
6E 
1-heptadecene  30.559 
(±0.003) n=3 
3M, 4M 
n-hexadecanoic acid 
 
37.861 (±0.04) 
n=3 
3M, 4M, 
6E, 7W 
4-hydroxy-3-
methoxybenzaldehyde 
 21.99 (±0.018) 
n=3 
3M, 7W 
2,6,10,14-tetramethyl-
2-hexadecene 
 
34.131 
(±0.005) n=3 
3M, 4M 
Cis-octadecenoic acid  41.782 
(±0.021) n=3 
3M, 4M 
Tricosane 
 
45.081 
(+0.006) n=3 
3M, 4M, 
6E, 7W 
2-methoxy phenol  11.416 
(±0.003) n=3 
7W 
4-ethyl-2-methoxy 
phenol 
 17.811 
(±0.006) n=3 
7W 
2,6-dimethoxy phenol  20.317 
(±0.023) n=3 
7W 
2-methoxy-4-vinyl 
phenol 
 19.145 
(±0.016) n=3 
7W 
Cholest-14-ene  52.911 
(±0.002) n=3 
4M, 6E 
 
  
193 
 
Extraction effluent of another microbial mat (4M) had very similar characteristics of yellow 
colour and a burned woody smell but the chromatogram on the other hand shows a 
different result with notably reduced complexity. Mono-unsaturated phytene, n-
hexadecanoic acid, a small amount of alkane, cholestene and stigmastadiene-3-one were 
observed (Figure 6.2) (Appendix 6). 
6.3.2. Subcritical water extraction of core 6 exterior moss nodule 
Subcritical water extraction of moss nodule (6E) produced a mixture of a few identifiable 
compounds on the chromatogram. They are tricosane, tetracosane, pentacosane, 
hexacosane, heptacosane, octacosane, nonacosane, cholest-14-ene, palmitic acid, quinoline 
and indole derivatives (Figure 6.2). The yellow colour of collected eluent was less intense 
and the smell was milder in comparison to the previous two samples. 
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Figure 6.2. Subcritical water extraction of different iron and sulphate rich samples followed by liquid-liquid 
extraction with dichloromethane. Top chromatogram represents extracted biomarkers from microbial mat 
layer of core 3. The collected subcritical water extraction (SCWE) eluent of this sample had an intensely yellow 
colour and a burnt woody smell and the treated sample emerged from the reaction chamber of the SCWE 
system as a charred compacted mass. The middle chromatogram is the representative of extracted microbial 
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mat layer of core 4, the un-extracted sample has a redder colour than microbial mat from core 3 this is due to 
the high content of goethite in core 4 sample, however the collected eluent of this sample had similar colour 
and smell to the eluent of extracted core 3 sample. The bottom chromatogram is the assemblage of 
compounds extracted from moss nodule exterior of core 6. XRD data shows a much lower content of goethite 
in this sample in comparison to the previous two samples, jarosite was also present in small quantity .The 
colour of collected eluent was faintly yellow and the smell was much less pronounced. 
6.3.3. Subcritical water extraction of core 7 woody fragment 
Subcritical water extraction of core 7 woody fragment (7W) followed the very same steps as 
previous samples. Yet a different observation was made for this sample, the eluent was very 
red in colour in comparison to the yellow colour of previous samples. The chromatograms 
indicate the presence of diketone, aromatic aldehyde, aromatic ether, phenol derivatives, 
long chain carboxylic acids, cyclic alkanes and alcohols (Figure 6.3) (Appendix 6). 
Chromatographic analysis of the blank shows high responses at the early and late stage of 
the run and they are the results of high concentration of organic solvent dichloromethane 
and stationary phase column bleed (Figure 6.3).  
6.3.4. Subcritical water extraction of core 1 clay material 
Extraction of clay material 1C did not produce a complex mixture of hydrocarbons as 
expected. The clay sample is light grey in colour and consists of mostly quartz. Triplicate 
repetitions of this sample yielded no organic compounds as shown on the chromatograms 
(Figure 6.4). Eluent collected was moderately clear to very faintly yellow, not intensely 
yellow or red as seen in the extracts of previous samples. 
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The peaks observed on the blank chromatogram correspond to organic solvent 
dichloromethane which was used in liquid-liquid extraction step prior to chromatography 
analysis (Figure 6.4). 
6.3.5. X-ray diffraction analysis of extracted microbial mat sample   
XRD analysis of the mineral content of 3M after exposure to subcritical water treatment at 
300 oC for 20 minutes shows the formation of magnetite and complete removal of goethite 
and jarosite (Table 6.3 & Figure 6.5). The noticeable rise in quartz signal is a consequence of 
mass balance because a large proportion of goethite and jarosite were removed by 
subcritical water.  
Table 6.3. Mineral composition of core 3 microbial mat sample (3M) after subcritical water extraction at 300 oC 
and 1500 psi at 20 minutes. 
Mineral phase Percentage (%) 
Magnetite 8.2 % (±1 %) 
Quartz 91.8 % (±5 %) 
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Figure 6.3. Chromatograms of crushed wood fragments from core 7 after pressurised hot water treatment and 
liquid-liquid extraction (top). The collected eluent from the extraction of this sample was very red in colour 
unlike what was observed in the other three samples. The recovered residual sample was also very red not 
charred like previous sample. Bottom chromatogram is an example of thorough cleaning of the system after 
each extraction. 
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Figure 6.4. Triplicate extractions of clay material from core 1 produced no biomarkers. Mineral 
characterisation of clay sample highlights the lack of goethite and very low concentration of jarosite. The 
absence of organic biomarkers could be linked to the physical exclusion of biota by the non-porous clay mass. 
The collected eluent was moderately clear and sample discolouration was not observed after subcritical water 
extraction.   
6.4. Discussion 
6.4.1. Common biomarkers and microbial biodiversity 
The microbial mats, moss nodule and woody materials have common biomarkers. These 
samples contain indole which is a nitrogen bearing cyclic aromatic compound which is 
known to be a very significant chemical signal in bacterial communities notably Escherichia 
coli (E. coli) (Vega et al., 2012). The natural occurrence of indole is the consequence of 
deamination of tryptophan amino acids (Watanabe and Snell, 1972) although other 
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biosynthetic routes can also lead to formation of indole particularly in some plant species 
(Wenkert, 1962).  
The samples also contain long chain carboxylic acids such as n-hexadecanoic acid (palmitic 
acid), cis-13-octadecenoic acid (oleic acid) and trans-13-octadecenoic acid (vaccenic acid) 
are commonly found as constituents of lipid membranes of microorganisms (Scheuerbrandt 
and Bloch, 1962). As components of cell membranes, it is therefore not so surprising that 
these fatty acids are also found in plants (Bartels et al., 1967) and fungi (Vanetten and 
Gottlieb, 1965). 
1-Alkene bacterial biosynthesis has been described by Rude et al. (2011) study which also 
provided experimental evidence that a strain of Jeotgalicoccus is capable of converting 
eicosanoic acid to 1-nonadecene, stearic acid to 1-heptadecene and palmitic acid to 1-
pentadecene via a hypothesized decarboxylation pathway. This Jeotgalicoccus genus is often 
associated with marine environment and the detection of 1-tetradecene and 1-heptadecene 
in the collected samples could be an indicator of a microbial community. 
Bacterial biosynthesis of fatty acids share many common features with biosynthesis of 
secondary metabolites polyketides (Rawlings et al., 1989). This class of compounds is the 
evolutionary outcome of fatty acids enzymatic factory (Cronan and Thomas, 2009), not only 
do they share common starting materials acetyl-CoA and malonyl-CoA (Gokhale et al., 2007) 
their catalysing enzymes polyketide synthase (PKS) and fatty acid synthase (FAS) can take up 
very similar biosynthetic roles (Hopwood and Sherman, 1990). A group of biochemists 
reported finding of successful production of polyunsaturated fatty acids (PUFAs) using 
polyketide synthase (Metz et al., 2001). The report also suggested that PKS could be partly 
responsible for the biosynthesis of PUFAs in cold marine ecosystem. While PKS can carry out 
  
200 
 
some functions of FAS, the primary purpose of PKS is the catalysis in the formation of 
secondary metabolites in prokaryotes and eukaryotes including aromatic compounds in 
fungi (Crawford and Townsend, 2010). The co-existence of both long chain fatty acids and 
aromatic compounds in 3M and 4M samples could reflect a diverse ecosystem. 
6.4.2. Effect of subcritical water on biogenic compounds 
n-Alkane homologues, predominantly C23 and C25,  in moss containing sample (6E) are 
consistent with the finding reported in another study using organic solvent to extract peat 
moss samples (Bingham et al., 2010). Another important biomarker identified on the 
chromatogram is triterpenoid cholest-14-ene. Triterpenoids typically occur in pre-extracted 
peat moss in the form of oleanoic acid and  ursolic acid at concentrations greater than 1 and 
0.5 mg/g respectively (Pancost et al., 2002). Cholest-14-ene was extracted from the sulphate 
moss sample at an average concentration of 0.56 ppm, it could either be another 
triterpenoid compound indigenous to the sample at very low concentration or a product of 
molecular transformation of ursolic and oleanoic acid under subcritical water conditions. 
Molecular transformation was reported in previous studies of subcritical water (Luong et al., 
2014) (Chapter 3). 
6.4.3. Organic inventory of woody fragment 
The rigidity of microbial cell walls is derived from the combination of lipids, disaccharides 
and short chains of proteins (Scheffers and Pinho, 2005). Plant cell walls on the other hand 
are strengthened by a secondary layer of polymeric hydroxycinnamyl, coniferyl, sinapyl and 
p-coumaryl alcohols (Vanholme et al., 2010). The biosynthesis of these alcohols proceeds via 
the shikimic acid pathway (Boerjan et al., 2003), the starting material phenylalanine is 
converted into different intermediates including aldehyde with the help of many biological 
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enzymes. These alcohols have very similar structures but the degree of methoxylation is 
what makes them different from one another. Dealkylated product of sinapyl alcohol could 
be observed on the chromatogram of woody sample 7W at around 20 minutes in the form 
of 2, 6-dimethoxy phenol while 2-methoxyphenol or guaiacol is the product of thermal 
decomposition of coniferyl alcohol and can be seen on the same chromatogram. 2-methoxy-
4-vinylphenol as seen on the chromatogram appears to be a decarboxylative intermediate in 
the pathway starting from p-coumaric acid, it could also be result of subcritical water 
chemical alteration. Detection of vanillin provides more evidence of a lignin rich sample as 
vanillin is the precursor of guaiacol (Li and Rosazza, 2000). Apocynin or 1-(4-hydroxy-3-
methoxyphenyl) – ethanone was also found in the subcritical water extract and it is a known 
pharmaceutically active compound (Heumüller et al., 2008; Kim et al., 2012) but this 
compound is said to be typically found in the roots of Picrorrhiza kurroa, a herb that grows 
in the Himalayas (Vejražka et al., 2005) therefore the occurrence of this compound in the 
Dorset sample appears unusual. 
6.4.4. Absence of organic matter in clay material 
The sulphate dominating samples possess rich repertoires of organic compounds while the 
absence of peaks of organic compounds in clay sample provides no evidence of a thriving 
microbial community or remnants of plant materials. These contrasting results perhaps can 
be explained by the mineralogy and the environments in which clay and sulphates are 
formed. The most likely interpretation is the exclusion of organic matter and biota owing to 
the low porosity and permeability of mineral accumulation (McBride et al., 1991).  
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6.4.5. Alteration of mineral composition 
XRD data of subcritical water extracted 3M sample shows the formation of magnetite 
(Fe3O4) and the disappearance of goethite (FeOOH) (Figure 6.5). The changes in mineral 
composition are the result of a redox reaction in which a proportion of trivalent iron in 
goethite was reduced to divalent iron in magnetite and hot water plays a major part. Rate of 
a chemical reaction is often enhanced by solubilising medium and temperature, the oxidants 
and reductants in this observed reaction gained higher degree of mobility following 
solubilisation, a steady supply of thermal energy ensured that the reactants were given 
enough kinetic energy to overcome the activation energy barrier. Such a transformative 
reaction of goethite often occurs on the timescale of days or even month at room 
temperature according to a previous study (Usman et al., 2013). The water solubility of 
jarosite increased significantly at high temperatures and therefore it was completely 
removed from the sample after the extraction. 
6.5. Implication of this study 
Chemically unstable biomolecules are unlikely to survive in the hostile conditions on 
Martian surface (Gurnett, 2009). Fossilised biological lipids were found in 2.7 billion years 
old terrestrial rock (Brocks et al., 1999) and this provided evidence for the high preservation 
potential of this class of compounds (Aeppli et al., 2014). Biological hydrocarbons are 
therefore most likely to be found on Mars (Simoneit et al., 1998). The surface of ancient 
Mars progressed from a wet, alkaline period (Chevrier et al., 2007) to a period dominated by 
high concentration of ferric ions and sulphate minerals (Fairén et al., 2009) and the red 
colour of Martian surface today is the result of iron oxide minerals. 
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The extracted hydrocarbon biosignatures presented in this study demonstrate the 
survivability of microorganisms in an acidic sulphate rich environment. Microbiological 
studies highlight bacterial metabolism as the contributing factor to acidity and high 
concentration of heavy metals of extreme environments (González-Toril et al., 2003). The 
critical roles of Fe (II and III) and sulphates in the biological adaptations of extremophilic 
microorganism have also been pointed out in bioleaching studies (Hansford and Vargas, 
2001). The highly polarising nature of ferric and ferrous ions provides a buffering 
mechanism which stabilises the pH of the microbial community (Amils et al., 2007; Fairen et 
al., 2004) beside their ability to mitigate bacterial cellular damage caused by ultraviolet 
radiation (Gómez et al., 2010; Phoenix et al., 2001). Therefore hostile environments do not 
place a limit on biodiversity, eukaryotes including algae and fungi have been shown to thrive 
in places of high acidity and sulphate ions concentration (Amaral Zettler et al., 2002). It is 
possible that extant life on Mars is controlled by iron biogeochemistry with the participation 
of sulphates at low pH while biomolecules of extinct life forms could be preserved inside 
these mineral shelters.   
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Figure 6.5. XRD data of the SCWE extracted 3M sample shows the changes in mineral composition of this 
sample. A large proportion of goethite and jarosite was removed by subcritical water while a small proportion 
was chemically transformed to magnetite in high temperature aqueous condition. 
6.6. Conclusion  
A series of cores were collected at a sulphate rich stream (pH 3.5). Microbial mats of core 3 
and 4 were experimentally studied for microbial biosignatures using subcritical water 
extraction method. Compounds of biological origin were separated and detected by gas 
chromatography-mass spectrometry. Moreover, extraction of exterior nodule from core 6 
produced a mixture of components indicative of plant materials. Lignin monomers were 
identified following similar procedure carried out on woody material of core 7. No 
biomarkers were isolated from jarosite poor clay, this could be the result of an absence of 
organic material in the early formation of clay. Iron mediated biochemistry could be in 
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operation on Mars alongside with sulphate and iron bearing minerals and can provide 
protection for biomolecules of past life. Jarosite rich core samples represent terrestrial 
analogues of the Martian regolith where simple life forms could either thrive or remain 
dormant. Post experiment analysis indicates that high temperature water accelerates 
transformative reactions of minerals where higher oxidation state cations are reduced to 
lower oxidation states in the presence of a carbon source.   
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Chapter 7 – Comparison of single and multistep subcritical water 
extraction of Mars analogue samples 
Abstract 
Multi temperature subcritical water extraction of Mars analogue from an acidic stream 
containing salts and organic matter leaches salts at lower temperature and extracts organic 
compounds at higher temperatures. The extraction performance of multistep approach is 
highlighted by comparison with single static extractions. Single static subcritical water 
extraction of organic bearing sample produces greater amount of organic compounds than 
combined modes involving continuous dynamic demineralisation. Thermal degration of 
organic compound as the result of extended extraction time is a possible explanation for the 
lower yields.  Continuous dynamic mode is effective at removing mineral content in organic 
poor sample.  The absence of organic compounds in topmost layer is the result of low 
habitability. Post extraction mineral analysis indicates that high temperature water 
transforms iron oxyhydroxide into magnetite a mineral mixture of divalent and trivalent 
iron. 
7.1. Introduction  
The use of subcritical water as an extraction method has been studied using mineral 
matrices and organic rich sedimentary rocks (Luong et al., 2014; Luong et al., 2015). To 
explore a living microscopic biosystem samples rich in iron and sulphate minerals were 
subjected to subcritical water treatment in static mode (Chapter 6). The oxidising nature of 
sulphate and iron minerals at elevated temperature could potentially lead to molecular 
transformation of biomarkers and the consequence is the compromised authenticity of 
compound classification or formation of highly volatile compounds hence detection failure. 
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Low water solubility of sulphate bearing jarosite and Fe (III) goethite (Baron and Palmer, 
1996; Schwertmann, 1991) precludes removal of these minerals at ambient temperatures.   
Experimental study of soil remediation using subcritical water was conducted (Priego-López 
and Luque de Castro 2002). Priego-López et al. (2002) study demonstrated effective 
subcritical water leaching of heavy metal ions from soil samples at 100 oC-200 oC.  
The main focus of this study therefore is in-situ demineralisation at high temperature (<300 
oC) prior to main extraction step to produce an organic repertoire with higher fidelity to the 
biogenic materials. An extraction yield comparison between single static extraction and 
combined extraction mode was made to assess the suitability of dynamic mode for future 
work. 
In this particular study we present extraction results of two sample types in both static 
mode and combined mode. A core sample was collected from Stair Hole, Dorset and 
processed into different layers and these layers were selected for the purpose of extraction. 
7.2. Experimental 
7.2.1. Samples 
Full information about the samples cannot be disclosed in this section as that information is 
owned by another individual.  
Samples rich in sulphate and iron (III) minerals were used in this study as analogues of the 
Martian geological materials as the surface of Meridiani Planum, Mars is covered in ferric 
sulphate minerals and hematite (Rieder et al., 2004; Christensen et al., 2004; Grotzinger et 
al., 2005). 
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Two samples of an acid stream from Stair Hole, Dorset were collected for subcritical water 
extraction, a sample of microbial mat (SHM) and a jarosite rich core sample (SHJT) (Table 
7.1). The mineral content of each layer was characterised by X-ray diffraction (XRD). 
Sulphate and iron minerals were found in high concentrations in SHM and SHJT samples by 
XRD analyses. Samples were crushed to fine powders and weighed using an analytical 
balance. 
Table 7.1. Two samples used in the experimental study of single static mode and combined modes. Samples 
are designated according to their sampling locations and appearances. Mineral composition is characterised by 
X-ray diffraction (XRD). 
Sample ID Sampling location Description Mineral composition 
SHJT Stair Hole Jarosite at top of 
core 
43.1 % quartz, 37.7 
% goethite, 19.2 % 
jarosite. 
SHM Stair Hole Microbial mat 18 % goethite, 40.3 
% quartz, 10.9 % 
kaolinite, 5.5 % 
jarosite, 25.3 % illite 
 
7.2.2. Subcritical water extraction 
Subcritical water system configuration and operating procedure in this study follow very 
closely the experimental description found in Luong et al. (2014 & 2015) studies with minor 
modification to accommodate dynamic extraction.  
The two main parameters of concern during dynamic demineralisation were temperature of 
dynamic demineralisation and flow rate. The two invariables in the experiment were the 
length of time of dynamic demineralisation and the duration of static extraction at 300 oC.  
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Samples SHJT and SHM were heated up to demineralising temperature (150 oC and 200 oC 
on separate analyses) at which point the outlet valve was opened and the water pump was 
put on constant flow at 1 mL/min and the eluent was continuously collected for 10 minutes. 
After 10 minutes the outlet valve was closed and the pump was put back into constant 
pressure at 1500 psi for static extraction at 300 oC for 20 minutes. Higher flow rates of 3 
mL/min and 6 mL/min were also explored alongside dynamic demineralisation 
temperatures of 150 oC and 200 oC. For ease of data interpretation, the combination of 
continuous flow and static mode is shortened as combined mode where combined mode 1 
represents dynamic demineralisation at 150 oC with a flow rate of 6 mL/min for 10 minutes 
followed by static extraction at 300 oC for 20 minutes and combined mode 2 followed the 
similar process but at higher dynamic demineralisation temperature of 200 oC.  
7.2.3. Electrical conductance measurement 
The main objective of dynamic demineralisation is to remove as much salt from the sample 
as possible at lower temperatures (150 oC and 200 oC) before the main extraction is 
performed at 300 oC. In order to determine the amount of salt removed from the sample, 
electrical conductance is a measurement that can be made to establish the amount of salt 
dissolved in the collected water. 
Electrical conductance of dynamic washes were measured using a Hanna Multi-parameter 
instrument HI 991301. Prior to use, the instrument probe was rinsed with deionised water 
(18.2 M x cm Thermo Scientific Smart2pure 6 UV/UF ) and calibrated in HI 7030 calibration 
solution (mS 12.88). The probe was immersed in the target solution until stable readings 
were acquired (Figure 7.1). 
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Figure 7.1. A demonstration of how electrical conductance measurement was taken. Collected eluent was first 
allowed to cool down before coming into contact with the probe head of the instrument. Probe was calibrated 
with provided solution marked 12.8 mS then rinsed thoroughly with deionised water (0.00 mS) before 
collecting readings. 
7.2.4. Liquid-liquid extraction 
The collected eluent was quantitatively transferred to a clean separating funnel by rinsing 
out the beaker with dichloromethane (DCM). High performance liquid chromatography 
(HPLC) grade DCM was sourced from Fisher Scientific, UK. 10 mL of DCM was added to the 
eluent and shaken, the denser DCM was collected into a clean round bottom flask and these 
steps were repeated twice. The combined DCM portions were reduced to a small volume on 
a rotary evaporator and the final extract was transferred to chromatography vials. 10 µL of 
an internal standard (IS) solution of squalane and p-terphenyl (0.542 mg/mL and 1.06 
mg/mL respectively) were added to the vials before GC analyses. 
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7.2.5. GC-MS analyses 
GC-MS analyses achieved using an Agilent Technologies G3172A gas chromatograph fitted 
with an Agilent HP-5MS column (30 m x 250 µm x 0.25 µm). Helium carrier gas flow rate was 
1.1 mL/min. Injection volume was 1 µL and injection mode was splitless. The front inlet 
temperature was 270 oC and the oven temperature programme was held for 2 minutes at 40 
oC followed by a temperature ramp of 5 oC /min to 310 oC, where the temperature was held 
for 14 minutes. Total run time was 70 minutes. Analyte identification was performed using 
an Agilent Technologies 5973 Mass Selective Detector set on full scan for a mass range from 
50.0 to 550.0 amu. The ionisation source temperature was maintained at 230 oC and mass 
analyser quadrupole temperature was 150 oC. A nine minute solvent delay was employed. 
Mass spectra were interpreted by reference to the NIST 2008 mass spectral database. 
Quantification of each individual component based on internal standards p-terphenyl and 
squalane relies on the ionisation potential of that compound. Ionisation potential of pi 
electron rich p-terphenyl is 7.78 eV while ionisation potential of saturated squalane is above 
10 eV, the difference in electron volts can influence the degree of ionisation of the internal 
standards and detection of respective ions. The same rationale is used for extracted 
components on the chromatograms. For example the ionisation potential of indoles and 
derivatives, phenol and thiophene derivatives are 7-8 eV therefore it is reasonable to use 
the mass spectrometer response of p-terphenyl to quantify those compounds. Electron 
energy about 10 eV is required to ionise saturated compounds, aldehyde, ketone, ester, 
carboxylic acids therefore squalane mass spectrometric response is more suitable in the 
calculation of the amounts of the mentioned compounds. 
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7.2.6. Sample measurement  
7.2.6.1. Attenuated total reflectance – Fourier transform infrared spectroscopy (ATR-FTIR) 
Spectra of pre and post extracted samples were obtained with Thermo Electron FTIR 
spectrometer (Thermo Fisher Scientific, USA) equipped with a deuterated triglycine sulphate 
(DTGS) detector. The instrument was operated in single-reflection mode using Smart Orbit 
ATR analysis.  ATR spectra were collected in the range 4000 – 525 cm-1 with 128 scans per 
sample at spectral resolution of 4 cm-1. After each sample analysis the plate was cleaned 
with precision wipe (KIMTECH SCIENCE –Kimberly-Clark Professional). Each analysis was 
repeated three times. Background spectrum was collected and automatically subtracted 
from the sample spectrum. Standard materials were also analysed for absorption band 
assignment purpose and they are sodium rich montmorillonite (Crook county, Wyoming, 
USA), nontronite NAU-1 (Uley mine, South Australia), Illite IMt-1 (Silver Hill, Montana, USA), 
KGa Kaolinite (Georgia, USA) Goethite (35 % Fe and contains varying amounts of MgO2, SiO2, 
CaO, Al2O3, Sigma Aldrich USA). Full physical and chemical data of clay mineral standards 
can be found at the Clay Minerals Society webpage (or follow the link 
http://www.clays.org/SOURCE%20CLAYS/SCdata.html). 
7.2.6.2. X-ray diffraction (XRD) 
Mineral phases of fresh and extracted samples were analysed by X-ray diffractometer 
PANalytical X’Pert Pro MPD where copper was used as X-ray source. Operating conditions 
were 45 kilovolts (kV) and 40 milliamps (mA). Primary monochromator (Ge 111) was used to 
filter out unwanted radiation and direct K-alpha 1 radiation at the sample. Analysis was 
carried out in transmission geometry using 1/32 o divergence slit. Data was collected with 
X’Celerator using active length 2 where 2 = 2.122 o. Sample was rotated at the rate of 30 
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rpm during the analysis. Scan range was between 5 o and 97 o expressed as 2, counting time 
was 1800 seconds per step, step height was 0.017 o. Phase identification and quantitation 
were performed on X’ Pert software, percentage error for mineral phase less than 10 % is ±1 
% and mineral phase more than 10 % is ±5 %. 
7.3. Results  
7.3.1. Stair Hole jarosite at top of the core (SHJT) 
There was no sign of organic compound in this particular sample (Figure 7.2) (Appendix 7) 
regardless of the temperatures and flow rates of dynamic mode. The contaminant was 
identified as N-butyl benzenesulfonamide (NBSS) by reference to the NIST 2008 mass 
spectral database and it is a known plasticiser (Strong et al., 1991). The dynamic eluent 
produced from 1 mL/min and 100 oC had a yellow colour and a smell of what seems to be a 
mix of minerals and hydrocarbons. This yellow colour did not intensify at higher flow rates 
however higher dynamic temperatures produced some differences. A deeper yellow colour 
was obtained by dynamic washing when a temperature of 150 oC was used. A mix of yellow 
and red colour was observed alongside tiny amount of red residue at the bottom of the 
collecting flask when dynamic washing was carried out at 200 oC. The change in colour from 
150 oC to 200 oC dynamic demineralisation was very conspicuous. The eluent collected after 
static extraction at 300 oC for 20 minutes had a red colour for all dynamic variations. 
Electrical conductance measurements taken from 150 oC and 200 oC dynamic washings 
showed two different values (Table 7.2). Demineralisation at 150 oC with flow rate of 6 
mL/min had an average reading of 0.23 milliSiemens (mS, unit of electrical conductance) 
while 200 oC at the same flow rate produced a reading of 0.41 mS. It must be noted that the 
followed up 300 oC static eluents had even higher readings than the dynamic eluents. 
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Another common observation is the effect of temperature on electrical conductance 
readings, as the dynamic washing began to cool down after collection the electrical 
conductance readings increased slightly.    
 
Figure 7.2. Representative chromatogram of Stair Hole Jarosite rich sample (SHJT). This sample is characterised 
as being very poor in organic matter. Varying dynamic flow rates of 1 mL/min, 3 mL/min, 6 mL/min and 
different temperatures 150 oC and 200 oC produced extracts without any biomarkers. 
The variation in colour of SHJT following extraction protocols described above implied 
varying degree of mineral dissolution at 150 oC and 200 oC. 
Table 7.2. Electrical conductance (EC) measurements of eluents collected by different extraction modes 
carried out on sample SHJT.  Temperatures of the mineral bearing liquids when EC readings were taken are 
given in parentheses.  
Temperature and mode of  collected eluent Electrical conductance (mS)/repetitions 
150 oC dynamic  0.23, 0.22 (30.8 oC), 0.25 (29 oC) 
Followed up 300 oC static 0.26 (28.5 oC), 0.22 (27.5 oC) 
200 o C dynamic 0.40 (31 oC), 0.40 (30.1 oC), 0.43 (29.3 oC) 
Followed up 300 oC static 0.35 (29.5 oC), 0.36 (27.5 oC), 0.34 (27.5 oC), 
0.36 (28.5 oC) 
Static 300 oC only 0.15 (30.1 oC), 0.17 (29.5 oC), 0.20 (28.2 oC), 
0.30 (22.9 oC) 
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7.3.2. Stair Hole Microbial mat (SHM) 
The finding of biomarkers reflects the organic rich nature of the Stair Hole microbial mat. 
This sample type hosts a thriving microbial community as reported in the previous study 
(Chapter 6).  Static extraction mode isolated different classes of organic compounds 
including alkenes, sulphur heterocycles, aldehyde, ketone and ether (Figure 7.3) (Appendix 
7). Combined extraction mode at temperature of 200 oC caused the loss of some compounds 
(Figure 7.4).  
Figure 7.3. Representative chromatogram of Stair Hole Microbial Mat (SHM) subcritical water extraction in 
static mode only at 300 oC for 20 minutes. The presence of biomarkers conforms to the microbial mat nature of 
this sample.  
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Figure 7.4. Representative chromatogram of Stair Hole Microbial Mat (SHM) after dynamic demineralisation at 
200 oC followed by static extraction at 300 oC for 20 minutes. The loss of dimethyl furan, 2-methyl-2-
cyclopenten-1-one and 5-methyl-2-furancarboxaldehyde was observed following a comparison between Figure 
7.4 and Figure 7.3.  
7.3.3. Post-extraction mineral phase identification  
XRD analyses of SHM sample before and after subcritical water extraction indicate a fall in 
goethite mineral content (Figure 7.5) (Table 7.3). The decrease in mineral content coincides 
with the occurrence of magnetite which was not detected in pre-extracted sample.  
Jarosite, illite and kaolinite also saw significant reduction in signals after extractions, the 
noticeable increase in quartz signal is a regular occurrence caused by the reduction in 
signals of other minerals (Figure 7.5) (Table 7.3). 
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Table 7.3. Mineral composition of Stair Hole Microbial Mat sample (SHM) after subcritical water extraction 
single mode.  
Mineral phase Percentage (%) 
Magnetite 9.5 % (±1 %) 
Quartz 68.4 % (±5 %) 
Goethite 12.9 % (±5 %) 
Illite 9.2 % (±1 %) 
 
Due to the lack of instrument usage time at the external facility, XRD analysis of Stair Hole 
jarosite at top of the core (SHJT) was not performed. 
ATR-FTIR spectra of clay rich standard materials show absorption bands at ṽ  ̴ 1000 cm-1 and 
3600 cm-1 (Figure 7.6). ATR-FTIR spectrum of quartz standard only shows band at ṽ  ̴ 1044 
cm-1 (Figure 7.6). Goethite standard has lower O-H absorption value at ṽ  ̴ 3120 cm-1 (Figure 
7.6). 
On the infrared spectroscopy spectra of pre-extracted SHJT and SHM, the absorption bands 
at ṽ  ̴ 1000 cm-1,3400 cm-1 and 3700 cm-1 are observed (Figure 7.7). Absorption bands 
corresponding to O-H molecular vibration diminished in intensity after subcritical water 
extraction at 300 oC (Figure 7.8). 
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Figure 7.5. XRD data of the SCWE extracted Stair Hole microbial mat sample (SHM) shows the changes in 
mineral composition of this sample. The formation of magnetite occurred at the expense of goethite and 
jarosite content. 
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Figure 7.6. ATR-FTIR spectra of clay rich materials, quartz and goethite. Absorption bands at ṽ  ̴ 1000 cm-1 and 
3600 cm-1 are common in clay materials. Quartz standard spectrum only shows absorption band at ṽ  ̴ 1044 cm-
1. Goethite standard has lower O-H absorption value. 
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Figure 7.7. ATR-FTIR spectra of pre-extracted Stair Hole samples. Absorption bands at ṽ  ̴ 1000 cm-1 and 3400 
cm-1 are observed on the spectra.  
7.4. Discussion 
7.1. Absence of organic compounds in SHJT 
The abundance of organic matter appears to correlate with availability of water.The 
provenance of SHJT sample is a dried out sulphate rich system, the lack of water places a 
limit on the habitability of the topmost layer. Environmental factors such as reduced 
humidity and ambient temperature can contribute to water loss from this layer. Microbial or 
advanced life forms therefore cannot thrive in a water poor environment. 
7.2. Single static extraction vs combined extraction mode 
A graphical comparison of the total amount of extracted compounds between single static 
mode and combined modes indicates the superior performance of single static mode (Figure 
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7.9) (Appendix 7). The highest extraction yield (89.63 ppm) is acquired from single static 
extraction at 300 oC. Combined extraction modes (dynamic + static) produced lower amount 
of organic compounds at 88.90 ppm and 81.56 ppm at different dynamic mode 
temperatures. 
As there is no previous work involving dynamic subcritical water extraction of organic 
hydrocarbons from sulphate rich sample, a comparison to a published study involving 
sequential subcritical water extraction of amino acids from Atacama Desert soils is made.    
Amashukeli et al (2007) study demonstrated lower yield obtained from dynamic subcritical 
water extraction at 150 oC, 200 oC and 300 oC in comparison to single point at the same 
experimental temperatures. Amashukeli et al (2007) study also pointed out that aspartic 
acid and glycine remain stable under single static subcritical extraction conditions (200 oC 
and 10 minutes). The average dynamic subcritical water extraction was 46 minutes while 
single static extraction only lasted 14 minutes (Amashukeli et al., 2007). The extended 
extraction duration led to amino acids decomposition and therefore lower extraction yields. 
The extraction time in this sulphate biomarkers study is 20 minutes for single static mode 
and 30 minutes for combined mode (Figure 7.9). The lower yield observed in combined 
mode could be the result of prolonged exposure of organic matter to subcritical water. The 
relationship between extraction time and yield was highlighted in previous chapters 
(Chapter 4).  
Subcritical water extraction of organic compounds from grape samples produced similar 
results (Garcia-Marino et al., 2006). Garcia-Marino et al. (2006) study made a comparison 
between single static extraction and sequential extraction, single static extraction at 150 oC 
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for 30 minutes led to higher extraction yield than extractions using a combination of 
temperature settings (50 oC + 100 oC + 150 oC) for a duration of 90 minutes. 
The results reported in this study of dynamic subcritical water extraction of sulphate rich 
samples are in agreement with previously published studies. Higher extraction yields and 
lower energy consumption indicate that single static extraction is highly favourable. Single 
extraction mode at 300 oC caused the sample residue to be lumpy and dark whereas 
combined modes turned the sample red and loose (Figure 7.10). This visual expression 
possibly relates to the transformation or loss of mineral contents. 
 
Figure 7.8. ATR-FTIR spectra of post-extracted Stair Hole samples. Absorption bands associated with quartz 
and clay mineral illite ( ṽ  ̴ 1000 cm-1 and 3600 cm-1) still can be observed on the spectrum of SHM (bottom). 
Absorption band corresponding to O-H molecular vibration at ṽ  ̴ 3380 cm-1 diminished significantly in intensity 
after subcritical water extraction.  
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7.3. Mineral mediated redox and formation of volatiles 
It is believed that a proportion of trivalent iron of goethite was reduced to divalent iron 
magnetite, the reductant source could be organic carbon compounds native to the sample. 
Observations made during instrument handling suggests the generation of gas(es). The 
origin of these volatiles is unclear but it is thought that carbon dioxide, the oxidation 
product of carbon compounds, could be the contributive factor to the pressure buildup 
inside the system. ATR-FTIR spectra provide another line of evidence to this in-situ redox. 
Absorption bands associated with hydroxyl group found in goethite and jarosite became 
significantly weakened after subcritical water extraction (Figure 7.8). Rate constant of this 
transformative reaction is between 1.4 × 10−3 h-1 and 6.5 × 10−3 h-1 based on Usman et al. 
(2013) study at ambient temperature and high pH condition. The mineral composition 
analyses in this chapter show 5.1% drop in goethite content (SHM) before and after 
subcritical water extraction. The fall in goethite content together with the short extraction 
time, 20 minutes, indicate a very high rate of redox. It should be noted that redox reaction 
in this chapter was possibly affected by low amount of reducing materials i.e. organic 
compounds.  
7.4. Demineralisation at 150 oC and 200 oC 
Dynamic subcritical water at 200 oC removed almost twice the amount of mineral in 
comparison to 150 oC (Table 7.2). Mineral solubility, therefore, increases at higher 
temperature. 
Dynamic demineralisation had a direct effect on the amount of salt produced by subsequent 
static extraction at 300 oC (Table 7.2). The rationale for this observation is unclear. However, 
it is known that there is a change in self-ionisation constant of water (pKw) from 150 oC to 
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200 oC (Bandura and Lvov, 2006), therefore the change in [H+] and [OH-] could be partially 
responsible for the observed effect. 
Electrical conductant reading obtained from single static extraction (Table 7.2) indicates that 
removal of mineral is most effective when dynamic mode is used.  
 
Figure 7.9. Comparison of different extraction modes of Stair Hole Microbial Mat (SHM). The sum of all 
identified compounds detected in the extracts is the parameter used to assess the performance of single mode 
and combined modes, combined mode 1 and 2 only differ in temperature of dynamic washing. Total amount 
of compounds detected in single mode is 89.63 ppm while combined mode 1 and 2 resulted in 88.90 ppm and 
81.56 ppm respectively.  
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Figure 7.10. Subcritical water extracted Stair Hole Microbial Mat (SHM) by single step static at 300 oC for 20 
minutes (left) and combined mode involving dynamic demineralisation at 200 oC flow rate 6 mL/min for 10 
minutes followed by static extraction at 300 oC for 20 minutes. The post-extraction appearance of the sample 
depends on the mode of hot water treatment. Single static extraction turned the sample lumpy and dark, 
combined modes resulted in a red, loosely grained sample. 
7.5. Conclusion 
Single step subcritical water extraction of Stair Hole microbial mat sample produces greater 
amount of organic compounds in comparison to combined modes involving continuous 
dynamic demineralisation. Continuous dynamic mode is useful when mineral content 
removal is important. However, prolonged exposure of organic compounds to subcritical 
water resulted in lower yields when combined extraction mode was used. The absence of 
organic compounds in Stair Hole jarosite top layer is possibly due to low water availability. 
Once again, post extraction mineral analysis indicates that high temperature water 
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transforms iron oxyhydroxide into magnetite a mineral mixture of divalent and trivalent 
iron. 
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Chapter 8 – Conclusion 
Martian environment could have sustained microbial life in the past or perhaps at the 
present time based on mineralogical evidence. Previous and current Mars mission failed to 
provide conclusive evidence of biogenic materials. Organic – mineral matrix pyrolysis is 
thought to lead to destruction of potential organic compounds. Three solvent systems were 
critically assessed for their performance in the extraction of organic compounds. Organic 
solvent is highly efficient and reproducible but volatility and hazardous nature of organic 
solvents render them incompatible with space missions. Surfactant solution was thought to 
provide the answer to life detection problem. However, the likelihood of surfactant 
structural degradation upon exposure to ionising radiation and fluctuating temperature is 
high. This raised concerns about the suitability of a surfactant based solvent extraction 
instrument on the Mars rover. Subcritical water is liquid water whose temperature is above 
100 oC and below 375 oC and under a pressure sufficient to maintain its liquid phase. Water 
is readily available, hazard-free, physically and chemically stable therefore poses very little 
engineering problem to the instrument required to perform wet chemistry on Mars. 
Hydrocarbons are the class of compounds that present the highest preservation potential 
therefore they are most likely to be found on Mars if carbon based life forms had existed on 
the red planet. The relative ease of hydrocarbon analysis in comparison to other classes of 
biomarkers makes them the suitable targets for extraterrestrial life detection.  
A bespoke subcritical water extraction system was put to the test in the first experimental 
study where Mars analogue JSC-Mars1 acted as a mineral host of laboratory standard 
materials representing biotic as well as abiotic organic compounds. A performance 
comparison between subcritical water, surfactant-containing water and an organic solvent 
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mixture was also made. Subcritical water extraction at 300 oC show reasonable extraction 
efficiency and reproducibility in chapter 3 but it still lagged behind organic solvent in these 
areas. Despite their obvious efficiency, the volatility and chemical instability of organic 
solvents still prevent them from being routinely used on space missions. Subcritical water 
was found to be particularly good at extracting aliphatic hydrocarbons and this is a major 
advantage of subcritical water extraction as this class of compounds has very high 
preservation potentials and therefore are most likely to be found in extreme environment 
such as Mars. Thermally labile organic compounds could be transformed into observable 
products under subcritical water conditions. Oxidising effect of oxide minerals is partly 
responsible for molecular transformation of electron rich organic compounds e.g. 
anthracene. The solvating power of subcritical water is thought to be a combination of 
thermally assisted bond dissociation and increased concentrations of water derived 
hydroxide and hydrogen ions. 
For subcritical water extraction to be accepted as a sensible method for life detection 
missions it must be capable of extracting all organic matter types of interest. Type I kerogen 
shale is rich in rich in long chain hydrocarbons which were the constituents of biological lipid 
membranes of microorganisms and algae. Aromatic and aliphatic compounds in type II 
sample imply inputs from both marine and terrestrial sources i.e. algal and plant materials. 
The abundance of phenolic compounds, heterocycles and polycyclic aromatic hydrocarbons 
(PAHs) in type III reflects their prolific source lignin the polymer that provided structural 
strength and rigidity to terrestrial plants. The likelihood of picking up characteristic bio-
signals of advanced land plants on Mars is almost negligible, nevertheless type III organic 
sedimentary rock contains a range of organic compounds similar to those found in 
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meteorites and thus their responses are comparable to the responses of hydrocarbons of 
abiotic origin on Mars. These organic rich rocks are therefore useful terrestrial alternatives 
in the investigative study of subcritical water and postulated Martian hydrocarbons in 
chapter 4. Extraction temperature is the most crucial parameter in the extraction of organic 
rich rocks. High temperature (300 oC) was required to lower dielectric constant of water 
sufficiently to extract the non-polar saturated hydrocarbons from type I sedimentary rock. 
The polar and aromatic compounds found in type II & III sedimentary rocks were liberated 
from the interlocking mineral matrix at lower temperatures. The ability to control 
temperature and therefore dielectric constant of water also provides the opportunity to 
selectively extract specific compound classes thereby avoiding lengthy and labour intensive 
post extraction fractionation steps prior to detailed analysis by gas chromatography and 
mass spectrometry. Extraction duration had minimal effect on the amount of extracted 
organic compounds. Long extraction time can lead to lower extraction yield as the result of 
oxidative effect. Overall the optimal duration for subcritical water extraction of all organic 
matter types found in sedimentary rocks was 20 minutes. 
Confidence in the ability of subcritical water to extract biological organic matter on Mars is 
increased by successful demonstration of its use on Mars analogue samples here on Earth. 
Iron mediated biochemistry could be in operation on Mars alongside with sulphate and iron 
bearing minerals can provide protection for biomolecules of past life. Jarosite rich core 
samples represent terrestrial analogues of the Martian regolith where simple life forms 
could either thrive or remain dormant. Subcritical water extraction of iron and sulphate rich 
samples in chapter 6 produced a range of organic compounds including microbial signalling 
compound and lipid membrane components and the findings demonstrate the survivability 
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of microorganisms in an acidic sulphate rich environment. Subcritical water extraction of 
woody fragment and exterior nodule produced organic compounds diagnostic of plant 
materials such as vanillin and dealkylated products of lignin monomers. No biomarkers were 
isolated from jarosite poor clay and this could be the result of an absence of organic 
material in the early formation of clay. Post experiment analysis in chapter 6 indicated that 
high temperature water accelerates transformative reactions of minerals where higher 
oxidation state cations are reduced to lower oxidation states in the presence of a carbon 
source. 
Selective removal of mineral content from organic bearing sample using subcritical water 
was demonstrated in chapter 7. Subcritical water’s high temperature (150 - 200 oC) 
increased solubility of jarosite and goethite and hence facilitated removal of those minerals. 
The increased concentrations of water derived [H+] and [OH-] is thought to enhance iron (III) 
minerals’ solubility. However, long extraction time resulted in lower yields as the result of 
thermal decomposition. Single static extraction is favoured for its higher extraction yield and 
lower energy consumption. The occurrence of mineral transformations was confirmed by 
post extraction mineral analysis. 
In chapter 5, subcritical water was explored as an alternative in situ method to lower 
viscosity of bitumen and therefore promote the flow of oil in heavy oil sands. Lower 
viscosity and higher mobility are thought to be the result of thermal degradation of 
macromolecular structure of asphaltene. The most effective extraction temperature was 
300 oC and optimal extraction time was 60 minutes. Longer extraction time generated 
volatiles and led to lower recovery of saturated hydrocarbons. The use of subcritical water 
as a method of enhanced oil recovery (EOR) can result in greater extraction yield of oil from 
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oil sand and lower production cost. The combined effect is reduction in operation costs of 
various businesses and positive impact to the global economy.    
Future work 
Laboratory study at Imperial College funded by the UK Space Agency has successfully tested 
and proved the capability of subcritical water extractor. However the post subcritical water 
extraction steps involving liquid-liquid extraction is still rather time consuming and such 
procedure presents another engineering challenge to the construction of space instrument. 
There are other methods of transferring analytes from the subcritical water eluent to the 
gas chromatograph, the use of appropriate method depends on the nature of the analytes 
involved. Static and dynamic headspace, purge and trap (P&T) are suitable for the analyses 
of volatile compounds whereas semi-volatiles require stir bar sorptive extraction (SBSE). 
These are proven technologies and have been used in a number of industries. 
Polydimethylsiloxane (PDMS) coated stir bar used in SBSE is commercially known as Twister 
and is available from Gerstel GmbH, Muelheim, Germany. The most important aspect of the 
future work is to determine the volatility of the biotic and abiotic organic compounds 
relevant to Mars and appropriate the right technique to introduce the organic compounds 
into the gas chromatograph and bypass the liquid-liquid extraction step. 
 
 
  
244 
 
Appendix 
Appendix 3 - Extracting organic matter on Mars: a comparison of methods 
involving subcritical water, surfactant solutions and organic solvents 
Limit of detection analysis 
 
Figure A 3.1. GCMS limit of detection analyses. An aliquot of 1 mL of 0.3 µg/mL solution was used for the 
analysis. 1 µL was injected into the gas chromatograph this is equalivent to 0.3 nanogram of each analytes. 
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Phytane was not included in the analyses due to short supply.  
 
Figure A 3.2. GCMS limit of detection analyses. An aliquot of 1 mL of 1 µg/mL solution was used for the 
analysis. 1 µL was injected into the gas chromatograph this is equalivent to 1 nanogram of each analytes. 
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Figure A 3.3. GCMS limit of detection analyses. An aliquot of 1 mL of 3 µg/mL solution was used for the 
analysis. 1 µL was injected into the gas chromatograph this is equalivent to 3 nanograms of each analytes. 
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Based on the analyses above limit of detection of hexadecane, anthracene, pyrene, 
coprostane and squalene are well below 0.3 µg/mL. Limit of detection of atrazine is around 
0.3 µg/mL. Chromatographic response of stigmasterol can vary from run to run due to the 
hydroxyl functional group.  
Sub-critical water extraction Optimisation 
Subcritical water extraction of spiked JSC-Mars1 at 100 oC (1st extraction) 
No analytes were detected. 
Subcritical water extraction of spiked JSC-Mars1 at 100 oC (2nd extraction) 
No analytes were detected. 
Subcritical water extraction of spiked JSC-Mars1 at 100 oC (3rd extraction) 
No analytes were detected. 
Subcritical water extraction of spiked JSC-Mars1 at 150 oC (1st extraction) 
No analytes were detected. 
Subcritical water extraction of spiked JSC-Mars1 at 150 oC (2nd extraction) 
No analytes were detected. 
Subcritical water extraction of spiked JSC-Mars1 at 150 oC (3rd extraction) (need to be run 
again) 
Atrazine and pyrene were detected; strong signal of anthracenedione (oxidation product of 
anthracene) could be detected. 
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Table A 3.4. Subcritical water extraction of spiked JSC-Mars1 at 200 oC. BDL = below detection limit.  
Analyte Mass in 
standard
s (µg) 
Mass of 
extracted 
analyte at 
200 oC 
(µg) 1st 
extractio
n 
Mass of 
extracted 
analyte at 
200 oC 
(µg) 2nd 
extractio
n 
Mass of 
extracted 
analyte at 
200 oC 
(µg) 3rd 
extractio
n 
Average 
mass of 
extractio
n (µg) 
Extraction 
efficiency (%) 
Hexadecane 114.40 5.16 2.20 BDL 3.68 3.22 
Atrazine 6.80 BDL 0.43 0.60 0.52 7.58 
Anthracene 20.60 BDL BDL BDL N/A N/A 
Phytane 2.40 BDL BDL BDL N/A N/A 
Pyrene 20.50 3.70 4.08 2.17 3.32 16.19 
Coprostane 19.40 BDL BDL BDL N/A N/A 
Squalene 118.90 BDL BDL BDL N/A N/A 
Stigmastero
l 
19.90 BDL BDL BDL N/A N/A 
 
Table A 3.5. Subcritical water extraction of spiked JSC-Mars1 at 250 oC. BDL = below detection limit. 
Analyte Mass in 
standard
s (µg) 
Mass of 
extracted 
analyte at 
250 oC 
(µg) 1st 
extractio
n 
Mass of 
extracted 
analyte at 
250 oC 
(µg) 2nd 
extractio
n 
Mass of 
extracted 
analyte at 
250 oC 
(µg) 3rd 
extractio
n 
Average 
mass of 
extractio
n (µg) 
Extraction 
efficiency (%) 
Hexadecane 114.40 51.51 46.23 BDL 48.87 42.72 
Atrazine 6.80 BDL BDL BDL N/A N/A 
Anthracene 20.60 BDL BDL BDL N/A N/A 
Phytane 2.40 0.63 0.51 BDL 0.57 23.89 
Pyrene 20.50 4.53 7.42 0.41 5.97 29.14 
Coprostane 19.40 1.41 1.78 0.77 1.59 8.21 
Squalene 118.90 0.20 1.45 0.13 0.82 0.69 
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Stigmastero
l 
19.90 BDL BDL BDL N/A N/A 
 
Table A 3.6. Subcritical water extraction of spiked JSC-Mars1 at 310 oC. BDL = below detection limit. 
Analyte Mass in 
standard
s (µg) 
Mass of 
extracted 
analyte at 
310 oC 
(µg) 1st 
extractio
n 
Mass of 
extracted 
analyte at 
310 oC 
(µg) 2nd 
extractio
n 
Mass of 
extracted 
analyte at 
310 oC 
(µg) 3rd 
extractio
n 
Average 
mass of 
extractio
n (µg) 
Extraction 
efficiency (%) 
Hexadecane 114.40 81.84 65.85 59.08 73.85 64.55 
Atrazine 6.80 BDL BDL BDL N/A N/A 
Anthracene 20.60 BDL BDL BDL N/A N/A 
Phytane 2.40 1.61 1.47 1.28 1.54 64.18 
Pyrene 20.50 4.81 3.19 2.56 4.00 19.51 
Coprostane 19.40 9.40 8.91 6.12 9.15 47.18 
Squalene 118.90 BDL BDL BDL N/A N/A 
Stigmastero
l 
19.90 BDL BDL BDL N/A N/A 
 
Table A 3.7. Subcritical water extraction of spiked JSC-Mars1 at 320 oC. BDL = below detection limit. 
Analyte Mass in 
standard
s (µg) 
Mass of 
extracted 
analyte at 
320 o C 
(µg) 1st 
extractio
n 
Mass of 
extracted 
analyte at 
320 o C 
(µg) 2nd 
extractio
n 
Mass of 
extracted 
analyte at 
320 o C 
(µg) 3rd 
extractio
n 
Average 
mass of 
extractio
n (µg) 
Extraction 
efficiency (%) 
Hexadecane 114.40 88.40 41.29 3.62 64.84 56.68 
Atrazine 6.80 BDL BDL 0.16 N/A N/A 
Anthracene 20.60 BDL BDL BDL N/A N/A 
Phytane 2.40 1.96 1.20 0.64 1.58 65.84 
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Pyrene 20.50 6.36 0.92 1.19 3.64 17.75 
Coprostane 19.40 10.04 6.06 7.38 8.05 41.48 
Squalene 118.90 BDL BDL BDL N/A N/A 
Stigmastero
l 
19.90 Not 
detected 
Not 
detected 
Not 
detected 
N/A N/A 
 
Organic solvent extraction 
Table A 3.8. 1st attempt of organic solvent extraction of spiked JSC-Mars1.  
 
Surfactant extraction 
Table A 3.9. 1st attempt of surfactant extraction of spiked JSC-Mars1. BDL = below detection limit.  
Analyte Mass in 
standards 
(µg)  
Mass of 
extracted 
analyte of 
spiked 
Mass of 
extracted 
analyte of 
spiked 
Mass of 
extracted 
analyte of 
spiked 
Average 
mass of 
extracted 
analyte of 
Extraction 
efficiency 
(%) 
Analyte Mass in 
standards 
(µg)  
Mass of 
extracted 
analyte of 
spiked 
JSC-Mars 
1 01 (µg) 
Mass of 
extracted 
analyte of 
spiked 
JSC-Mars 
1 02 (µg) 
Mass of 
extracted 
analyte of 
spiked 
JSC-Mars 
1 03 (µg) 
Average 
mass of 
extracted 
analyte of 
triplicate 
(µg) 
Extraction 
efficiency 
(%) 
Hexadecane 112.4 57.7 52.5 59.0 56.4 50.2 
Atrazine 19.5 6.7 5.6 6.6 6.3 32.3 
Anthracene 20.8 5.1 4.9 5.0 5.0 24.0 
Phytane 11.8 5.1 4.5 5.1 4.9 41.5 
Pyrene 20.7 8.5 7.9 8.9 8.4 40.6 
Coprostane 20.4 7.9 7.8 8.6 8.1 39.7 
Squalene 79.1 28.6 29.4 31.2 29.7 35.5 
Stigmasterol 19.5 3.6 4.9 4.7 4.4 22.6 
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JSC-Mars 
1 01 (µg) 
JSC-Mars 
1 02 (µg) 
JSC-Mars 
1 03 (µg) 
triplicate 
(µg) 
Hexadecane 112.4 7.4 5.9 6.8 6.7 6.0 
Atrazine 19.5 7.3 6.5 5.9 6.5 33.3 
Anthracene 20.8 2.4 1.9 1.8 2.0 9.6 
Phytane 11.8 0.3 0.3 0.4 0.3 2.5 
Pyrene 20.7 3.8 3.2 3.0 3.3 16.0 
Coprostane 20.4 0.7 0.6 0.6 0.7 3.4 
Squalene 79.1 2.6 2.2 2.2 2.3 2.9 
Stigmasterol 19.5 BDL BDL BDL N/A N/A 
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Figure A 3.10. Chromatograms of repeated solvent extraction of spiked JSC-Mars1. The oxidation product 
anthracenedione was observed throughout the repeated extraction. 
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Figure A 3.11. Chromatograms of repeated solvent extraction of spiked quartz sand. The oxidation product 
anthracenedione is absent in the solvent extraction of spiked quartz sand. This absence explains the influence 
of minerals on oxidation chemistry (compare to JSC-Mars1).  
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Figure A 3.12. Oxidation products generated by subcritical water extractions at 300 oC, 310 oC and 320 oC. 
 
Figure A 3.13. Chromatograms of repeated surfactant extraction of spiked JSC-Mars1.  
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Figure A 3.14. Chromatograms of 1st attempt at surfactant extraction.  
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Figure A 3.15. Chromatograms of subcritical water extraction at 100 oC and 1500 psi for 20 minutes.  
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Figure A 3.16. Chromatograms of subcritical water extraction at 150 oC and 1500 psi for 20 minutes. 
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Figure A 3.17. Chromatograms of subcritical water extraction at 200 oC and 1500 psi for 20 minutes. 
  
259 
 
 
Figure A 3.18. Chromatograms of subcritical water extraction at 250 oC and 1500 psi for 20 minutes. 
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Figure A 3.19. Chromatograms of subcritical water extraction at 300 oC and 1500 psi for 20 minutes. 
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Figure A 3.20. Chromatograms of subcritical water extraction at 300 oC and 1500 psi for 10 minutes. 
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Figure A 3.21. Chromatograms of subcritical water extraction at 310 oC and 1500 psi for 10 minutes. 
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Figure A 3.22. Chromatograms of subcritical water extraction at 320 oC and 1500 psi for 5 minutes. 
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265 
 
Figure A 3.23. A graphical explanation for the fall in dielectric constant of water at elevated temperature.  This 
high kinetic energy model lends support to the proposed mechanism of subcritical water solubilisation of 
aliphatic hydrocarbons (Appendix 5).  
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Appendix 4 - Subcritical water extraction of organic matter from sedimentary 
rocks 
Type 1  
Port Edgar Lower Carboniferous shale 
Effect of temperatures on extraction process was explored. Temperatures of 150 oC, 200 oC, 
250 oC and 300 oC were looked at. As the temperature was the variable, the duration of 
extraction was kept as a fixed parameter. 
At 150 oC for 20 minutes: 
At this temperature, no hydrocarbons could be observed on GC-MS analysis. The only 
detected analytes were the internal standards (IS) p-terphenyl and squalane together with 
the contaminant benzenesulfonamide, N-butyl 
At 200 oC for 20 minutes: 
Raising the extraction temperature by 50 oC did not liberate any hydrocarbons. 
At 250 oC for 20 minutes: 
250 o C was still not sufficient to encourage dissociation of hydrocarbons from the host rock. 
At 300 oC for 20 minutes: 
Hydrocarbons, mainly aliphatics, were extracted and detected by GC-MS.  
Table A 4.1. Compounds extracted from type I sedimentary rock by subcritical water at 300 oC for 20 minutes. 
Identified compound Mass spec response Yield (mg) w/w (mg/g) 
Undecane 796297 2.9102 x 10-4 1.4127 x 10-3 
Dodecane 1646765 6.0183 x 10-4 2.9215 x 10-3 
Tridecane 2114499 7.7277 x 10-4 3.7513 x 10-3 
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Tetradecane 3142005 1.1483 x 10-3 5.5742 x 10-3 
Pentadecane 3849125 1.4067 x 10-3 6.8287 x 10-3 
Hexadecane 5859381 2.1414 x 10-3 1.0395 x 10-2 
Heptadecane 4809263 1.7576 x 10-3 8.5320 x 10-3 
Octadecane 4852541 1.7734 x 10-3 8.6088 x 10-3 
Nonadecane 4902103 1.7915 x 10-3 8.6967 x 10-3 
Eicosane 4238344 1.5489 x 10-3 7.5192 x 10-3 
Heneicosane 4301087 1.5719 x 10-3 7.6305 x 10-3 
Docosane 3924554 1.4343 x 10-3 6.9625 x 10-3 
Tetracosane 2743826 1.0028 x 10-3 4.8678 x 10-3 
Pentacosane 2539789 9.2819 x 10-3 4.5058 x 10-3 
Hexacosane 1673524 6.1161 x 10-4 2.9690E x 10-3 
Heptacosane 1557957 5.6937 x 10-4 2.7639 x 10-3 
Pristane 2026356 7.4055 x 10-4 3.5949 x 10-3 
Phytane 1156079 4.2250 x 10-4 2.0510 x 10-3 
  Total 0.021 0.100 
 
Table A 4.2. Compounds extracted from type I sedimentary rock by subcritical water at 300 oC for 20 minutes. 
(2nd repetition). 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Decane 11493991 1.4085 x 10-3 7.5724 x 10-3 
Undecane 14356209 1.7592 x 10-3 9.4581 x 10-3 
Dodecane 17444951 2.1377 x 10-3 1.1493 x 10-2 
Tridecane 20508466 2.5131 x 10-3 1.3511 x 10-2 
Tetradecane 20897488 2.5608 x 10-3 1.3768 x 10-2 
Pentadecane 23394319 2.8667 x 10-3 1.5413 x 10-2 
Hexadecane 20252466 2.4817 x 10-3 1.3343 x 10-2 
Heptadecane 14953404 1.8324 x 10-3 9.8516 x 10-3 
Octadecane 16901381 2.0711 x 10-3 1.1135 x 10-2 
Nonadecane 16757735 2.0535 x 10-3 1.1040 x 10-2 
Eicosane 13430281 1.6457 x 10-3 8.8481 x 10-3 
Heneicosane 12368517 1.5156 x 10-3 8.1486 x 10-3 
Docosane 15811847 1.9376 x 10-3 1.0417 x 10-2 
Tricosane 8045935 9.8595 x 10-4 5.3008 x 10-3 
Tetracosane 4495187 5.5084 x 10-4 2.9615 x 10-3 
Pentacosane 3076182 3.7696 x 10-4 2.0266 x 10-3 
Pristane 2397593 2.9380 x 10-4 1.5796 x 10-3 
Phytane 3405908 4.1740 x 10-4 2.2439 x 10-3 
 Total 0.029 0.160 
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Table A 4.3. Compounds extracted from type I sedimentary rock by subcritical water at 300 oC for 20 minutes. 
(3rd repetition). 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Decane 5728288 6.4030 x 10-4 3.1620 x 10-3 
Undecane 7172513 8.0173 x 10-4 3.9592 x 10-3 
Dodecane 8467170 9.4645 x 10-4 4.6738 x 10-3 
Tridecane 9304811 1.0401 x 10-3 5.1362 x 10-3 
Tetradecane 9475242 1.0591 x 10-3 5.2303 x 10-3 
Pentadecane 9511473 1.0632 x 10-3 5.2503 x 10-3 
Hexadecane 8522603 9.5264 x 10-4 4.7044 x 10-3 
Heptadecane 5867601 6.5587 x 10-3 3.2389 x 10-3 
Octadecane 6829891 7.6343 x 10-4 3.7700 x 10-3 
Nonadecane 5722081 6.3960 x 10-4 3.1585 x 10-3 
Eicosane 4945875 5.5284 x 10-4 2.7301 x 10-3 
Heneicosane 3781519 4.2269 x 10-4 2.0874 x 10-3 
Docosane 2925551 3.2701 x 10-4 1.6149 x 10-4 
Tricosane 1997046 2.2323 x 10-4 1.1024 x 10-3 
Tetracosane 967869 1.0819 x 10-4 5.3426 x 10-4 
Pristane 1116579 1.248 x 10-4 6.1634 x 10-4 
Phytane 1344620 1.503 x 10-4 7.4222 x 10-3 
 Total  0.010 0.052 
 
Table A 4.4. Compounds extracted from type I sedimentary rock by subcritical water at 300 oC for 30 minutes.
  
Identified compound Mass spec response Yield (mg) w/w (mg/g) 
Decane 10284644 1.5301 x 10-3 7.5822 x 10-3 
Undecane 9347108 1.3906 x 10-3 6.8910 x 10-3 
Dodecane 13244216 1.9704 x 10-3 9.7641 x 10-3 
Tridecane 15012592 2.2335 x 10-3 1.1068 x 10-2 
Tetradecane 15428305 2.2953 x 10-3 1.1374 x 10-2 
Pentadecane 16547310 2.4618 x 10-3 1.2199 x 10-2 
Hexadecane 15084417 2.2442 x 10-3 1.1121 x 10-2 
Heptadecane 10122071 1.5059 x 10-3 7.4623 x 10-3 
Octadecane 11255505 1.6745 x 10-3 8.2979 x 10-3 
Nonadecane 9851677 1.4657 x 10-3 7.2630 x 10-3 
Eicosane 7804299 1.1611 x 10-3 5.7536 x 10-3 
Heneicosane 6422628 9.5552 x 10-4 4.7350 x 10-3 
Docosane 11153458 1.6593 x 10-3 8.2227 x 10-3 
Tricosane 4284019 6.3735 x 10-4 3.1583 x 10-3 
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Tetracosane 2477141 3.6853 x 10-4 1.8262 x 10-3 
Pentacosane 1535769 2.2848 x 10-4 1.1322 x 10-3 
Pristane 1477321 2.1978 x 10-4 1.0891 x 10-3 
 Total 0.024 0.119 
 
Table A 4.5. Compounds extracted from type I sedimentary rock by subcritical water at 300 oC for 40 minutes. 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Decane 7060944 1.0892 x 10-3 5.3132 x 10-3 
Undecane 6791468 1.0476 x 10-3 5.1104 x 10-3 
Dodecane 7728509 1.1922 x 10-3 5.8155 x 10-3 
Tridecane 9759530 1.5055 x 10-3 7.3438 x 10-3 
Tetradecane 12082499 1.8638 x 10-3 9.0917 x 10-3 
Pentadecane 13642244 2.1044 x 10-3 1.0265 x 10-2 
Hexadecane 12235281 1.8874 x 10-3 9.2067 x 10-3 
Heptadecane 8643820 1.3334 x 10-3 6.5042 x 10-3 
Octadecane 9503722 1.4660 x 10-3 7.1513 x 10-3 
Nonadecane 8085637 1.2473 x 10-3 6.0842 x 10-3 
Eicosane 6739160 1.0396 x 10-3 5.0710 x 10-3 
Heneicosane 5973779 9.2149 x 10-4 4.4951 x 10-3 
Docosane 5451780 8.4097 x 10-4 4.1023 x 10-3 
Tricosane 4211733 6.4969 x 10-4 3.1692 x 10-3 
Tetracosane 2728517 4.2089 x 10-4 2.0531 x 10-3 
Pentacosane 1553441 2.3963 x 10-4 1.1689 x 10-3 
Pristane 1553465 2.396 x 10-4 1.1689 x 10-3 
 Total 0.019 0.093 
 
Table A 4.6. Compounds extracted from type I sedimentary rock by subcritical water at 300 oC for 50 minutes. 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Decane 9107747 1.1862 x 10-3 5.8576 x 10-3 
Undecane 9670245 1.2594 x 10-3 6.2193 x 10-3 
Dodecane 13477195 1.7552 x 10-3 8.6678 x 10-3 
Tridecane 15858221 2.0653 x 10-3 1.0199 x 10-2 
Tetradecane 17908238 2.3323 x 10-3 1.1518 x 10-2 
Pentadecane 18356260 2.3907 x 10-3 1.1806 x 10-2 
Hexadecane 16947586 2.2072 x 10-3 1.0900 x 10-2 
Heptadecane 11906740 1.5507 x 10-3 7.6577 x 10-3 
Octadecane 14349765 1.8689 x 10-3 9.2289 x 10-3 
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Nonadecane 12650412 1.6475 x 10-3 8.1360 x 10-3 
Eicosane 10899727 1.4195 x 10-3 7.0101 x 10-3 
Heneicosane 9507253 1.2382 x 10-3 6.1145 x 10-3 
Docosane 12289836 1.6006 x 10-3 7.9041 x 10-3 
Tricosane 5487155 7.1463 x 10-4 3.5290 x 10-3 
Tetracosane 4234333 5.5146 x 10-4 2.7233 x 10-3 
Pentacosane 3172750 4.1321 x 10-4 2.0405 x 10-3 
Pristane 1986068 2.587 x 10-4 1.2773 x 10-3 
 Total 0.024 0.121 
 
Type 2 
Kimmeridge clay 2010.  
Table A 4.7. Compounds extracted from type II sedimentary rock by subcritical water at 150 oC for 20 minutes. 
 
Table A 4.8. Compounds extracted from type II sedimentary rock by subcritical water at 200 oC for 20 minutes. 
Identified compound Mass 
spec 
response 
Yield (mg) w/w (mg/g) 
Trimethyl benzene 1441881 3.4484 x 10-4 1.6635 x 
10-3 
Benzene,2-ethenyl-1,4-dimethyl 563360 1.3473 x 10-4 6.4994 x 
10-4 
Tetramethylbenzene 876758 2.0969 x 10-4 1.0115 x 
10-3 
Naphthalene 784314 1.8758 x 10-4 9.0485 x 
10-4 
Methyl naphthalene 5007334 1.1976 x 10-3 5.7769 x 
10-3 
Identified compound Mass 
spec 
response 
Yield (mg) w/w 
(mg/g) 
1,2-benzenedicarboxylic acid ,bis (2-
methylpropyl) ester 
991644 3.2283 x 10-
4 
1.5521 x 
10-3 
1,2-benzenedicarboxylic acid, mono(2-
ethylhexyl)ester 
4911553 1.5989 x 10-
3 
7.6872 x 
10-3 
 Total 0.002 0.009 
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Tetrahydro trimethyl naphthalene 822955 1.9682 x 10-4 9.4943 x 
10-4 
Ethyl Naphthalene 837353 2.0026 x 10-4 9.6604 x 
10-4 
Dimethyl benzothiophene 539540 1.2904 x 10-4 6.2246 x 
10-4 
Dimethyl naphthalene 3448224 8.2468 x 10-4 3.9782 x 
10-3 
1,2-benzenedicarboxylic acid ,bis(2-
methylpropyl) ester 
1247574 2.9837 x 10-4 1.4393 x 
10-3 
1,2-benzenedicarboxylic acid, mono(2-
ethylhexyl)ester 
3281446 7.8479 x 10-4 3.7858 x 
10-3 
 Total 0.005 0.022 
 
Table A 4.9. Compounds extracted from type II sedimentary rock by subcritical water at 250 oC for 20 minutes. 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Trimethyl benzene 3709567 1.0121 x 10-3 4.9857 x 10-3 
Benzene,2-ethenyl-1,4-dimethyl 1423331 3.8833 x 10-4 1.9130 x 10-3 
Tetramethylbenzene 2520699 6.8774 x 10-4 3.3879 x 10-3 
Naphthalene 1091222 2.9772 x 10-4 1.4666 x 10-3 
Methyl naphthalene 10933500 2.9830 x 10-3 1.4695 x 10-2 
Tetrahydro trimethyl naphthalene 2403822 6.5585 x 10-4 3.2308 x 10-3 
Ethyl Naphthalene 2653865 7.2407 x 10-4 3.5668 x 10-3 
Dimethyl benzothiophene 1546739 4.2200 x 10-4 2.0788 x 10-3 
Dimethyl naphthalene 4928393 1.3446 x 10-3 6.6238 x 10-3 
 Total 0.009 0.042 
 
Table A 4.10. Compounds extracted from type II sedimentary rock by subcritical water at 300 oC for 20 
minutes. 
Identified compound Mass 
spec 
response 
Yield (mg) w/w 
(mg/g) 
Trimethyl benzene 5311081 7.6641 x 10-
4 
3.7204 x 
10-3 
Benzene,2-ethenyl-1,4-dimethyl 2632678 3.7991 x 10-
4 
1.8442 x 
10-3 
Tetramethylbenzene 4484086 6.4707 x 10-
4 
3.1411 x 
10-3 
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Undecane 1529904 2.2077 x 10-
4 
1.0717 x 
10-3 
Naphthalene 3788945 5.4676 x 10-
4 
2.6542 x 
10-3 
Dodecane 2915978 4.2079 x 10-
4 
2.0427 x 
10-3 
Methyl naphthalene 1630198
5 
2.3524E-03 1.1420 x 
10-2 
Tridecane 2655120 3.8315 x 10-
4 
1.8599 x 
10-3 
Tetrahydro trimethyl naphthalene 3421353 4.9372 x 10-
4 
2.3967 x 
10-3 
Tetradecane 2412680 3.4816 x 10-
4 
1.6901 x 
10-3 
Ethyl Naphthalene 3863964 5.5759 x 10-
4 
2.7067 x 
10-3 
Dimethyl benzothiophene 3010850 4.3448 x 10-
4 
2.1091 x 
10-3 
Dimethyl naphthalene 1350642
3 
1.9490E-03 9.4613 x 
10-3 
1-(3-methylbutyl)-2,3,6-trimethylbenzene 1294053 1.8674 x 10-
4 
9.0649 x 
10-4 
Pentadecane 4045305 5.8375 x 10-
4 
2.8338 x 
10-3 
Tetrahydro tetramethyl naphthalene 2094310 3.0222 x 10-
4 
1.4671 x 
10-3 
Trimethyl napthalene 3264166 4.7103 x 10-
4 
2.2866 x 
10-3 
Hexadecane 5499500 7.9360 x 10-
4 
3.8524 x 
10-3 
3-methyl-heptadecane 2376039 3.4287 x 10-
4 
1.6644 x 
10-3 
Heptadecane 2868786 4.1398 x 10-
4 
2.0096 x 
10-3 
2,6,10,14-tetramethyl-pentadecane 8247074 1.1901E-03 5.7771 x 
10-3 
Octadecane 3422692 4.9391 x 10-
4 
2.3976 x 
10-3 
2,6,10,14-tetramethyl-hexadecane 1392599
0 
2.0096E-03 9.7552 x 
10-3 
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Decahydro-8a-ethyl-1,1,4a,6-
tetramethylnaphthalene 
839478 1.2114 x 10-
4 
5.8806 x 
10-4 
Eicosane 2552550 3.6834 x 10-
3 
1.788110-3 
Cyclic octaatomic sulfur 646235 9.3254 x 10-
5 
4.5269 x 
10-3 
Azepino[3,2,1-hi]indole, 8-ethyl-4,5,6,7-
tetrahydro-10-isopropyl- 
1757912 2.5367 x 10-
4 
1.231410-3 
Hexadecanoic acid, 1,1-dimethylethyl ester 1347597 1.9446 x 10-
4 
9.4400 x 
10-4 
 Total 0.017 0.084 
 
Table A 4.11. Compounds extracted from type II sedimentary rock by subcritical water at 300 oC for 20 minutes 
(2nd repetition). 
Identified compound Mass 
spec 
respons
e 
Yield (mg) w/w (mg/g) 
Trimethyl benzene 3133491 8.6823 x 10-
4 
4.0214 x 10-
3 
Benzene,2-ethenyl-1,4-dimethyl 1486201 4.1180 x 10-
4 
1.9073 x 10-
3 
Tetramethylbenzene 2289480 6.3437 x 10-
4 
2.9382 x 10-
3 
Undecane 1198855 3.3218 x 10-
4 
1.5386 x 10-
3 
Naphthalene 2176904 6.0318 x 10-
4 
2.7938 x 10-
3 
Benzene, (3-methyl-2-butenyl)- 1238787 3.4324 x 10-
4 
1.5898 x 10-
3 
Dodecane 1214117 3.3641 x 10-
4 
1.5582 x 10-
3 
Methyl naphthalene 8556689 2.3709 x 10-
3 
1.0981 x 10-
2 
Tridecane 1480434 4.1020 x 10-
4 
1.8999 x 10-
3 
Tetrahydro trimethyl naphthalene 1752449 4.8557 x 10-
4 
2.2490 x 10-
3 
Tetradecane 2178289 6.0356 x 10-
4 
2.7955 x 10-
3 
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Ethyl Naphthalene 2462342 6.8226 x 10-
4 
3.1601 x 10-
3 
Dimethyl benzothiophene 1583961 4.3888 x 10-
4 
2.0328 x 10-
3 
Dimethyl naphthalene 4871550 1.3498 x 10-
3 
6.2520 x 10-
3 
Pentadecane 2607786 7.2256 x 10-
4 
3.3468 x 10-
3 
Tetrahydro tetramethyl naphthalene 754159 2.0896 x 10-
4 
9.6786 x 10-
4 
Trimethyl napthalene 1434529 3.9748 x 10-
4 
1.8410 x 10-
3 
Hexadecane 2908376 8.0585 x 10-
4 
3.7325 x 10-
3 
Benzophenone 1370976 3.7987 x 10-
4 
1.7595 x 10-
3 
Heptadecane 1376505 3.8140 x 10-
4 
1.7666 x 10-
3 
2,6,10,14-tetramethyl-pentadecane 4981270 1.3802 x 10-
3 
6.3928 x 10-
3 
Octadecane 1717502 4.7588 x 10-
4 
2.2042 x 10-
3 
2,6,10,14-tetramethyl-hexadecane 8793381 2.4365 x 10-
3 
1.1285 x 10-
2 
Nonadecane 1300334 3.6030 x 10-
4 
1.6688 x 10-
3 
Eicosane 1677801 4.6488 x 10-
4 
2.1532 x 10-
3 
Heneicosane 1665450 4.6146 x 10-
4 
2.1374 x 10-
3 
Azepino[3,2,1-hi]indole, 8-ethyl-4,5,6,7-
tetrahydro-10-isopropyl- 
834485 2.3122 x 10-
4 
1.0710 x 10-
3 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
4691439 1.2999 x 10-
3 
6.0208 x 10-
3 
 Total 0.020 0.092 
 
Table A 4.12. Compounds extracted from type II sedimentary rock by subcritical water at 300 oC for 20 minutes 
(3rd repetition). 
Identified compound Mass spec response Yield (mg) w/w 
(mg/g) 
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Benzene, 1,2,3-trimethyl- 5300879 8.1994 x 
10-4 
3.8513 x 
10-3 
Undecane 903047 1.3968 x 
10-4 
6.5610 x 
10-4 
Benzene,2-ethenyl-1,4-dimethyl 2294773 3.5495 x 
10-4 
1.6672 x 
10-3 
Benzene, 1,2,4,5-tetramethyl- 4262196 6.5927 x 
10-4 
3.0966 x 
10-3 
Naphthalene 3788317 5.8598 x 
10-4 
2.7523 x 
10-3 
Benzene, (1-methyl-1-butenyl)- 1331295 2.0592 x 
10-4 
9.6723 x 
10-4 
Benzene, (3-methyl-2-butenyl)- 1466840 2.2689 x 
10-4 
1.0657 x 
10-3 
Dodecane 1848930 2.8599 x 
10-4 
1.3433 x 
10-3 
Benzene, 1,3-dimethyl-5-(1-
methylethyl)- 
4434195 6.8588 x 
10-4 
3.2216 x 
10-3 
Methyl naphthalene 16710074 2.5847 x 
10-3 
1.2140 x 
10-2 
Tridecane 2073480 3.2072 x 
10-4 
1.5065 x 
10-3 
Naphthalene, 1,2,3,4-tetrahydro-1,1,6-
trimethyl- 
3448628 5.3343 x 
10-4 
2.5056 x 
10-3 
Tetradecane 3011560 4.6583 x 
10-4 
2.1880 x 
10-3 
Benzo[b]thiophene, 3,6-dimethyl- 2452259 3.7931 x 
10-4 
1.7817 x 
10-3 
Dimethyl naphthalene 14745482 2.2808 x 
10-3 
1.0713 x 
10-2 
Pentadecane 4010473 6.2034 x 
10-4 
2.9138 x 
10-3 
Naphthalene, 1,2,3,4-tetrahydro-
5,6,7,8-tetramethyl- 
2081484 3.2196 x 
10-4 
1.5123 x 
10-3 
Naphthalene, 1,6,7-trimethyl- 1146124 1.7728 x 
10-4 
8.3270 x 
10-4 
Hexadecane 3853144 5.9600 x 
10-4 
2.7994 x 
10-3 
Heptadecane 2487561 3.8477 x 
10-4 
1.8073 x 
10-3 
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Pentadecane, 2,6,10,14-tetramethyl- 7809029 1.2079 x 
10-3 
5.6735 x 
10-3 
Octadecane 2550207 3.9446 x 
10-4 
1.8528 x 
10-3 
Hexadecane, 2,6,10,14-tetramethyl- 
(phytane) 
12154373 1.8800 x 
10-3 
8.8306 x 
10-3 
Nonadecane 1476820 2.2843 x 
10-4 
1.0730 x 
10-3 
Azepino[3,2,1-hi]indole, 8-ethyl-4,5,6,7-
tetrahydro-10-isopropyl- 
1266485 1.9590 x 
10-4 
9.2015 x 
10-4 
Heneicosane 1928307 2.9827 x 
10-4 
1.4010 x 
10-3 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
8623327 1.3339 x 
10-3 
6.2652 x 
10-3 
Squalane 74735151 8.1994 x 
10-4 
3.8513 x 
10-3 
p-Terphenyl (IS) 27210017 1.3968 x 
10-4 
6.5610 x 
10-4 
 Total 0.018 0.085 
 
Table A 4.13. Compounds extracted from type II sedimentary rock by subcritical water at 300 oC for 30 
minutes. 
Identified compound Mass 
spec 
respons
e 
Yield (mg) w/w (mg/g) 
Benzene, 1,3,5-trimethyl- 995845 1.8722 x 10-
4 
8.7159 x 10-
4 
Benzene, 1,2,4,5-tetramethyl- 1197599 2.2515 x 10-
4 
1.0482 x 10-
3 
Naphthalene 1138671 2.1407 x 10-
4 
9.9660 x 10-
4 
Methyl naphthalene 7827258 1.4715 x 10-
3 
6.8507 x 10-
3 
Tridecane 1082897 2.0358 x 10-
4 
9.4779 x 10-
4 
Naphthalene, 1,2,3,4-tetrahydro-1,1,6-trimethyl- 1547338 2.9090 x 10-
4 
1.3543 x 10-
3 
Tetradecane 1567846 2.9475 x 10-
4 
1.3722 x 10-
3 
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Naphthalene, 2,3-dimethyl- 5721367 1.0756E-03 5.0075 x 10-
3 
Benzo[b]thiophene, 3,5-dimethyl- 1117602 2.1011 x 10-
4 
9.7816 x 10-
4 
Pentadecane 2661159 5.0030 x 10-
4 
2.3291 x 10-
3 
Naphthalene, 1,2,3,4-tetrahydro-5,6,7,8-
tetramethyl- 
1212157 2.2789 x 10-
4 
1.0609 x 10-
3 
Naphthalene, 1,6,7-trimethyl- 1767726 3.3233 x 10-
4 
1.5472 x 10-
3 
Hexadecane 3345098 6.2888 x 10-
4 
2.9277 x 10-
3 
Benzophenone 1306191 2.4556 x 10-
4 
1.1432 x 10-
3 
Heptadecane 1989817 3.7408 x 10-
4 
1.7415 x 10-
3 
Pentadecane, 2,6,10,14-tetramethyl- 6253203 1.1756E-03 5.4730 x 10-
3 
Octadecane 2439828 4.5869 x 10-
4 
2.1354 x 10-
3 
Hexadecane, 2,6,10,14-tetramethyl- (phytane) 9804300 1.8432E-03 8.5810 x 10-
3 
Nonadecane 1451420 2.7287 x 10-
4 
1.2703 x 10-
3 
Azepino[3,2,1-hi]indole, 8-ethyl-4,5,6,7-
tetrahydro-10-isopropyl- 
604980 1.1374 x 10-
4 
5.2950 x 10-
4 
Heneicosane 1475129 2.7732 x 10-
4 
1.2911 x 10-
3 
Nonadecane, 9-methyl- 1508463 2.8359 x 10-
4 
1.3203 x 10-
3 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
1478320 2.7792 x 10-
4 
1.2939 x 10-
3 
 Total 0.011 0.052 
 
Table A 4.14. Compounds extracted from type II sedimentary rock by subcritical water at 300 oC for 40 
minutes. 
Identified compound Mass spec response Yield 
(mg) 
w/w 
(mg/g) 
Benzene, 1,2,3-trimethyl- 798631 1.3864 x 
10-4 
6.4634 x 
10-4 
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Benzene, 1,2,4,5-tetramethyl- 890782 1.5464 x 
10-4 
7.2092 x 
10-4 
Dodecane 1406731 2.4420 x 
10-4 
1.1385 x 
10-3 
Methyl naphthalene 2107587 3.6587 x 
10-4 
1.7057 x 
10-3 
Tridecane 1468148 2.5487 x 
10-4 
1.1882 x 
10-3 
Naphthalene, 1,2,3,4-tetrahydro-1,1,6-
trimethyl- 
820382 1.4242 x 
10-4 
6.6394 x 
10-4 
Tetradecane 3329591 5.7801 x 
10-4 
2.6947 x 
10-3 
Dimethyl naphthalene 1622224 2.8161 x 
10-4 
1.3129 x 
10-3 
Heptadecane, 2,6,10,14-tetramethyl- 2422749 4.2058 x 
10-4 
1.9608 x 
10-3 
Pentadecane 4332548 7.5212 x 
10-4 
3.5064 x 
10-3 
Naphthalene, 1,2,3,4-tetrahydro-5,6,7,8-
tetramethyl- 
439035 7.6215 x 
10-5 
3.5532 x 
10-4 
Hexadecane 3880758 6.7369 x 
10-4 
3.1407 x 
10-3 
Heptadecane 3154459 5.4760 x 
10-4 
2.5529 x 
10-3 
Pentadecane, 2,6,10,14-tetramethyl- 8621570 1.4967E-
03 
6.9775 x 
10-3 
Octadecane 3540730 6.1466 x 
10-4 
2.8655 x 
10-3 
Hexadecane, 2,6,10,14-tetramethyl- 
(phytane) 
15092585 2.6200 x 
10-3 
1.2215 x 
10-2 
Nonadecane 2475002 4.2965 x 
10-4 
2.0030 x 
10-3 
Eicosane 2895929 5.0272 x 
10-4 
2.3437 x 
10-3 
Heneicosane 3465052 6.0152 x 
10-4 
2.8043 x 
10-3 
Docosane 1268529 2.2021 x 
10-4 
1.0266 x 
10-3 
Tricosane 5077429 8.8143 x 
10-4 
4.1092 x 
10-3 
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Pentacosane 739901 1.2844 x 
10-4 
5.9881 x 
10-4 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
2464509 4.2783 x 
10-4 
1.9946 x 
10-3 
Cholest-14-ene, (5.alpha.)- 673903 1.1699 x 
10-4 
5.4540 x 
10-4 
 Total 0.013 0.059 
 
Table A 4.15. Compounds extracted from type II sedimentary rock by subcritical water at 300 oC for 50 
minutes. 
Identified compound Mass 
spec 
response 
Yield 
(mg) 
w/w 
(mg/g) 
Benzene, 1,3,5-trimethyl- 1805673 2.4741 x 
10-4 
1.1770 x 
10-3 
Phenol, 2-methyl- 1140214 1.5623 x 
10-4 
7.4325 x 
10-4 
Phenol, 3-methyl- 1714630 2.3494 x 
10-4 
1.1177 x 
10-3 
Benzene, 1,2,4,5-tetramethyl- 2618581 3.5879 x 
10-4 
1.7069 x 
10-3 
Dodecane 1988487 2.7246 x 
10-4 
1.2962 x 
10-3 
Methyl naphthalene 6157632 8.4371 x 
10-4 
4.0138 x 
10-3 
Tridecane 2920742 4.0020 x 
10-4 
1.9039 x 
10-3 
Naphthalene, 1,2,3,4-tetrahydro-1,1,6-trimethyl- 1371304 1.8789 x 
10-4 
8.9388 x 
10-4 
Tetradecane 4340992 5.9480 x 
10-4 
2.8297 x 
10-3 
Dimethyl benzothiophene 679444 9.3097 x 
10-5 
4.4290 x 
10-4 
Dimethyl naphthalene 4061892 5.5656 x 
10-4 
2.6477 x 
10-3 
Heptadecane, 2,6,10,14-tetramethyl- 2717065 3.7229 x 
10-4 
1.7711 x 
10-3 
Pentadecane 5287197 7.2445 x 
10-4 
3.4465 x 
10-3 
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1H-Indene, 2,3-dihydro-1,1,2,3,3-pentamethyl- 1542766 2.1139 x 
10-4 
1.0057 x 
10-3 
Trimethyl napthalene 592925 8.1242 x 
10-5 
3.8650 x 
10-4 
Hexadecane 6678825 9.1512 x 
10-4 
4.3536 x 
10-3 
1-Naphthalenol, 2-methyl- 630106 8.6336 x 
10-5 
4.1073 x 
10-4 
Benzophenone 2329963 3.1925 x 
10-4 
1.5188 x 
10-3 
Heptadecane 4214009 5.7740 x 
10-4 
2.7469 x 
10-3 
Pentadecane, 2,6,10,14-tetramethyl- 1082001
0 
1.4825 x 
10-3 
7.0530 x 
10-3 
Methanone, (4-methylphenyl)phenyl- 2147751 2.9428 x 
10-4 
1.4000 x 
10-3 
Octadecane 4911745 6.7300 x 
10-4 
3.2017 x 
10-4 
Hexadecane, 2,6,10,14-tetramethyl- (phytane) 1792797
2 
2.4565 x 
10-3 
1.1686 x 
10-2 
Nonadecane 3668814 5.0270 x 
10-4 
2.3915 x 
10-3 
Eicosane 3417476 4.6826 x 
10-4 
2.2277 x 
10-3 
Heneicosane 4313304 5.9100 x 
10-4 
2.8116 x 
10-3 
Docosane 1268896 1.7386 x 
10-4 
8.2713 x 
10-4 
Octadecanoic acid, 2-methylpropyl ester 9625060 1.3188 x 
10-3 
6.2741 x 
10-3 
1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) 
ester 
4903946 6.7193 x 
10-4 
3.1966 x 
10-3 
 Total 0.016 0.075 
 
Type 3 
Daw Mill Type 3 HVBC 
Table A 4.16. Compounds extracted from type III sedimentary rock by subcritical water at 150 oC for 20 
minutes. 
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Identified compound  Mass spec response Yield (mg) w/w 
(mg/g) 
Decane 1099608 2.0089 x 
10-4 
9.8233 x 
10-4  
Benzene, 1,3,5-trimethyl- 930263 1.6995 x 
10-4 
8.3105 x 
10-4 
Undecane 1843721 3.3683 x 
10-4 
1.6471 x 
10-3 
Napthalene 2429469 4.4384 x 
10-4 
2.1704 x 
10-3 
Methyl Napthalene 1282623 2.3432 x 
10-4 
1.1458 x 
10-3 
 Total 0.001385
8 
0.0068 
 
Table A 4.17. Compounds extracted from type III sedimentary rock by subcritical water at 200 oC for 20 
minutes. 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Benzene, 1,3,5-trimethyl- 8107175 2.2431 x 
10-3 
1.0753 x 10-2 
Benzene, 1-ethyl-2,3-dimethyl- 755296 2.0897 x 
10-4 
1.0018 x 10-3 
Benzene, 1-methyl-3-propyl- 541724 1.4988 x 
10-4 
7.1852 x 10-4 
Benzene, 2-ethyl-1,4-dimethyl- 1119309 3.0969 x 
10-4 
1.4846 x 10-3 
Acetophenone 221858 6.1383 x 
10-5 
2.9426 x 10-4 
Benzaldehyde, 2-methyl- 278891 7.7163 x 
10-5 
3.6991 x 10-4 
Benzaldehyde, 4-methyl- 951455 2.6325 x 
10-4 
1.2620 x 10-3 
Benzene, 1-methyl-3-(1-methylethyl)- 651046 1.8013 x 
10-4 
8.6352 x 10-4 
Benzene, 1,2,4,5-tetramethyl- 345112 9.5485 x 
10-5 
4.5774 x 10-4 
Benzene, 1,2,3,4-tetramethyl- 1209971 3.3477 x 
10-4 
1.6049 x 10-3 
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Naphthalene 32169046 8.9005 x 
10-3 
4.2668 x 10-2 
Methyl Napthalene 42692968 1.1812 x 
10-2 
5.6626 x 10-2 
Dimethyl naphthalene 26987206 7.4668 x 
10-3 
3.5795 x 10-2 
1,1'-Biphenyl, 3-methyl- 641013 1.7735 x 
10-4 
8.5021 x 10-4 
Trimethyl naphthalene 6307106 1.7450 x 
10-3 
8.3655 x 10-3 
Fluorene 370773 1.0258 x 
10-4 
4.9178 x 10-4 
Dibenzofuran, 4-methyl- 4247025 1.1751 x 
10-3 
5.6331 x 10-3 
9H-Fluorene, 2-methyl- 797040 2.2052 x 
10-4 
1.0572 x 10-3 
Tetramethylnapthalene 1325659 3.6678 x 
10-4 
1.7583 x 10-3 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 605722 1.6759 x 
10-4 
8.0340 x 10-4 
Phenanthrene, 1-methyl- 1186320 3.2823 x 
10-4 
1.5735 x 10-3 
 Total 0.036 0.174 
 
Table A 4.18. Compounds extracted from type III sedimentary rock by subcritical water at 250 oC for 20 
minutes. 
Identified compound Mass spec response Yield 
(mg) 
w/w 
(mg/g) 
Decane 4909405 7.3912 x 
10-4 
3.4108 x 
10-3 
Benzene, 1,3,5-trimethyl- 14916830 2.2458 x 
10-3 
1.036310
-2 
Benzene, 1-ethyl-2,3-dimethyl- 1279084 1.9257 x 
10-4 
8.8864 x 
10-4 
Acetophenone 1468892 2.2114 x 
10-4 
1.0205 x 
10-3 
Benzaldehyde, 4-methyl- 1941932 2.9236 x 
10-4 
1.3492 x 
10-3 
Benzene, 1-methyl-2-(1-methylethyl)- 1948282 2.9332 x 
10-4 
1.3536 x 
10-3 
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Benzene, 1-methyl-3-(1-methylethyl)- 1956045 2.9449 x 
10-4 
1.3590 x 
10-3 
Benzene, 1-ethyl-2,3-dimethyl- 1089327 1.6400 x 
10-4 
7.5681 x 
10-4 
Benzene, 1,2,4,5-tetramethyl- 1394522 2.0995 x 
10-4 
9.6884 x 
10-4 
Benzene, 1,2,3,4-tetramethyl- 2726136 4.1043 x 
10-4 
1.8940 x 
10-3 
Benzene, 1,3-dimethyl-5-(1-methylethyl)- 1448771 2.1812 x 
10-4 
1.0065 x 
10-3 
Ethanone, 1-(3-methylphenyl)- 2047143 3.0820 x 
10-4 
1.4222 x 
10-3 
Naphthalene 62209603 9.365810
-3 
4.3220 x 
10-3 
Methyl Napthalene 101271755 1.5247E-
02 
7.035810
-2 
Dimethyl naphthalene 81344931 1.2247E-
02 
5.651410
-2 
Naphthalene, 2-ethyl- 9776482 1.4719 x 
10-3 
6.7922 x 
10-3 
Naphthalene, 2-ethenyl- 4575257 6.8881 x 
10-4 
3.1787 x 
10-3 
Diphenylmethane 3374605 5.0805 x 
10-4 
2.3445 x 
10-3 
Methyl biphenyl 2148551 3.2347 x 
10-4 
1.4927 x 
10-3 
Trimethyl Napthalene 35104164 5.2850 x 
10-3 
2.438910
-2 
Fluorene 1887259 2.8413 x 
10-4 
1.3112 x 
10-3 
Hexadecane 696388 1.0484 x 
10-4 
4.8381 x 
10-4 
Dibenzofuran, 4-methyl- 24452553 3.6814 x 
10-3 
1.698810
-2 
Azulene, 7-ethyl-1,4-dimethyl- 3536807 5.3247 x 
10-4 
2.4572 x 
10-3 
Naphthalene, 1,6-dimethyl-4-(1-
methylethyl)- 
4726836 7.1163 x 
10-4 
3.2840 x 
10-3 
9H-Fluorene, 1-methyl- 5110943 7.6946 x 
10-4 
3.5508 x 
10-3 
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Tetramethylnapthalene 13284753 2.0000 x 
10-3 
9.2296 x 
10-3 
9H-Fluoren-9-one 3784177 5.6972 x 
10-4 
2.6291 x 
10-3 
Anthracene 3533479 5.3197 x 
10-4 
2.4549 x 
10-3 
3-Phenanthrol 9161466 1.3793 x 
10-3 
6.3649 x 
10-3 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 7070379 1.0645 x 
10-3 
4.9121 x 
10-3 
Methyl phenanthrene 24313739 3.6605 x 
10-3 
1.689210
-2 
Fluoranthene 6254677 9.4165 x 
10-4 
4.3454 x 
10-3 
Pyrene 3770540 5.6766 x 
10-4 
2.6196 x 
10-3 
Benzo[b]naphtho[2,3-d]furan 2551782 3.8418 x 
10-4 
1.7728 x 
10-3 
Trimethyl phenanthrene 733956 1.1050 x 
10-4 
5.099110
-4 
Phenanthrene, 1-methyl-7-(1-
methylethyl)- 
21450253 3.2294 x 
10-3 
1.490310
-2 
 Total  0.071 0.329 
 
Table A 4.19. Compounds extracted from type III sedimentary rock by subcritical water at 300 oC for 20 
minutes. 
Identified compound Mass 
spec 
response 
Yield 
(mg) 
w/w (mg/g) 
Decane 5759166 1.5467 x 
10-3 
9.2448 x 10-3 
Benzene, 1,3,5-trimethyl- 7557994 2.0297 x 
10-3 
1.2132 x 10-2 
Phenol, 2-methyl- 6621944 1.7784 x 
10-3 
1.0630 x 10-2 
Phenol, 4-methyl- 7764018 2.0851 x 
10-3 
1.2463 x 10-2 
Benzene, 1,3-dimethyl-5-(1-methylethyl)- 1288125 3.4593 x 
10-4 
2.0677 x 10-3 
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Dimethyl phenol 3145023 8.4461 x 
10-4 
5.0485 x 10-3 
Benzene, 1,2,3,4-tetramethyl- 1222845 3.2840 x 
10-4 
1.9629 x 10-3 
Phenol, 4-ethyl- 9522413 2.5573 x 
10-3 
1.5286 x 10-2 
Naphthalene 2574113
7 
6.9129 x 
10-3 
4.1320 x 10-2 
Methyl Napthalene 4613062
4 
1.2389 x 
10-2 
7.4050 x 10-2 
Tridecane 775733 2.0833 x 
10-4 
1.2452 x 10-3 
Tetrahydro trimethyl naphthalene 2454277 6.5911 x 
10-4 
3.9397 x 10-3 
Biphenyl 2228908 5.9858 x 
10-4 
3.5779 x 10-3 
Ethyl Napthalene 4185187 1.1240 x 
10-3 
6.7182 x 10-3 
Dimethyl naphthalene 4419892
5 
1.1870 x 
10-2 
7.0949 x 10-2 
Diphenylmethane 1719159 4.6169 x 
10-4 
2.7596 x 10-3 
Methyl biphenyl 1228608 3.2995 x 
10-4 
1.9722 x 10-3 
Trimethyl naphthalene 2973687
9 
7.9860 x 
10-3 
4.7735 x 10-2 
Hexadecane 1038884 2.7900 x 
10-4 
1.6676 x 10-3 
Dibenzofuran, 4-methyl- 1281624
4 
3.4419 x 
10-3 
2.0573 x 10-2 
Tetramethylnapthalene 1653375
8 
4.4402 x 
10-3 
2.6540 x 10-2 
Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 1815386 4.8753 x 
10-4 
2.9141 x 10-3 
9H-Fluorene, 1-methyl- 6225228 1.6718 x 
10-3 
9.9929 x 10-3 
Pentadecane, 2,6,10,14-tetramethyl- 3226937 8.6661 x 
10-4 
5.1800 x 10-3 
9H-Fluoren-9-one 1593117 4.2784 x 
10-4 
2.5573 x 10-3 
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Anthracene 5834679 1.5669 x 
10-3 
9.3660 x 10-3 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 3529401 9.4784 x 
10-4 
5.6655 x 10-3 
Methyl phenanthrene 9435876 2.5341 x 
10-3 
1.5147 x 10-2 
1H-Cyclopropa[l]phenanthrene,1a,9b-dihydro- 1012437
5 
2.7190 x 
10-3 
1.6252 x 10-2 
Fluoranthene 6351644 1.7058 x 
10-3 
1.0196 x 10-2 
Pyrene 5756781 1.5460 x 
10-3 
9.2410 x 10-3 
Benzo[b]naphtho[2,3-d]furan 4894363 1.3144 x 
10-3 
7.8566 x 10-3 
Trimethyl phenanthrene 1738182 4.6680 x 
10-4 
2.7902 x 10-3 
Phenanthrene, 1-methyl-7-(1-methylethyl)- 3491539
3 
9.3767 x 
10-3 
5.6047 x 10-2 
Methyl Pyrene 6702348 1.7999 x 
10-3 
1.0759 x 10-2 
Dimethyl Pyrene 9690958 2.6026 x 
10-3 
1.5556 x 10-2 
Benz[a]anthracene 1377969 3.7006 x 
10-4 
2.2120 x 10-3 
1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) 
ester 
5471472 1.4694 x 
10-3 
8.7830 x 10-3 
 Total 0.094 0.562 
 
Table A 4.20. Compounds extracted from type III sedimentary rock by subcritical water at 300 oC for 20 
minutes (2nd repetition). 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Benzene, 1,3,5-trimethyl- 13166406 1.6600 x 
10-3 
6.8593 x 10-3 
Phenol, 2-methyl- 18890730 2.3816 x 
10-3 
9.8415 x 10-3 
Phenol, 4-methyl- 31619354 3.9864 x 
10-3 
1.6473 x 10-2 
Phenol, 2-ethyl- 7159957 9.0269 x 
10-4 
3.7301 x 10-3 
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Dimethyl phenol 11057046 1.3940 x 
10-3 
5.7604 x 10-3 
Phenol, 4-ethyl- 4211320 5.3094 x 
10-4 
2.1940 x 10-3 
Phenol, 3-ethyl- 1847797 2.3296 x 
10-4 
9.6265 x 10-4 
Naphthalene 57719025 7.2769 x 
10-3 
3.0070 x 10-2 
Methyl Napthalene 11188689
4 
1.4106 x 
10-2 
5.8290 x 10-2 
Tetrahydro trimethyl naphthalene 1248544 1.5741 x 
10-4 
6.5045 x 10-4 
Tridecane 2572776 3.2436 x 
10-4 
1.3403 x 10-3 
Ethyl Napthalene 14462015 1.8233 x 
10-3 
7.5343 x 10-3 
Dimethyl naphthalene 11928513
5 
1.5039 x 
10-2 
6.2144 x 10-2 
Diphenylmethane 4391612 5.5367 x 
10-4 
2.2879 x 10-3 
Heptadecane, 2,6,10,14-tetramethyl- 7812903 9.8501 x 
10-4 
4.0703 x 10-3 
Trimethyl Napthalene 73159331 9.2235 x 
10-3 
3.8114 x 10-2 
Hexadecane 2497717 3.1490 x 
10-4 
1.3012 x 10-3 
Dibenzofuran, 4-methyl- 27820291 3.5074 x 
10-3 
1.4494 x 10-2 
Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 6914434 8.7174 x 
10-4 
3.6022 x 10-3 
Tetramethylnapthalene 37926981 4.7816 x 
10-3 
1.9759 x 10-2 
9H-Fluorene, 1-methyl- 8579280 1.0816 x 
10-3 
4.4696 x 10-3 
Pentadecane, 2,6,10,14-tetramethyl- 33288414 4.1968 x 
10-3 
1.7342 x 10-2 
Anthracene 59654083 7.5209 x 
10-3 
3.1078 x 10-2 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 9302345 1.1728 x 
10-3 
4.8462 x 10-3 
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Methyl phenanthrene 19632166 2.4751 x 
10-3 
1.0228 x 10-2 
Eicosane 5821641 7.3396 x 
10-4 
3.0329 x 10-3 
Fluoranthene 10784211 1.3596 x 
10-3 
5.6183 x 10-3 
Pyrene 13629193 1.7183 x 
10-3 
7.1004 x 10-3 
Benzo[b]naphtho[2,3-d]furan 3091935 3.8982 x 
10-4 
1.6108 x 10-3 
Phenanthrene, 1-methyl-7-(1-methylethyl)- 33262445 4.1936 x 
10-3 
1.7329 x 10-2 
Methyl Pyrene 9985639 1.2589 x 
10-3 
5.2022 x 10-3 
Dimethyl Pyrene 8966993 1.1305 x 
10-3 
4.6715 x 10-3 
 Total 0.097 0.402 
 
Table A 4.21. Compounds extracted from type III sedimentary rock by subcritical water at 300 oC for 20 
minutes (3rd repetition). 
Identified compound Mass 
spec 
response 
Yield 
(mg) 
w/w (mg/g) 
Benzene, 1,3,5-trimethyl- 9818869 1.6921 x 
10-3 
8.0809 x 10-3 
Benzaldehyde, 2-hydroxy- 1788245 3.0818 x 
10-4 
1.4717 x 10-3 
Phenol, 2-methyl- 1318860
4 
2.2729 x 
10-3 
1.0854 x 10-2 
Phenol, 4-methyl- 1659995
2 
2.8608 x 
10-3 
1.3662 x 10-2 
Phenol, 2-ethyl- 4755365 8.1952 x 
10-4 
3.9136 x 10-3 
Dimethyl phenol 5114723 8.8145 x 
10-4 
4.2094 x 10-3 
Benzene, 1-ethyl-2,4-dimethyl- 2785827 4.8010 x 
10-4 
2.2927 x 10-3 
Phenol, 4-ethyl- 2665541 4.5937 x 
10-4 
2.1937 x 10-3 
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Phenol, 3-ethyl- 1151469 1.9844 x 
10-4 
9.4765 x 10-4 
Naphthalene 4192525
6 
7.2252 x 
10-3 
3.4504 x 10-2 
Methyl Naphthalene 8442004
3 
1.4549 x 
10-2 
6.9477 x 10-2 
Ethyl Naphthalene 1224091
4 
2.1095 x 
10-3 
1.0074 x 10-2 
Tridecane 2476468 4.2678 x 
10-4 
2.0381 x 10-3 
Dimethyl naphthalene 8807662
0 
1.5179 x 
10-2 
7.2487 x 10-2 
Diphenylmethane 3328801 5.7367 x 
10-4 
2.7396 x 10-3 
Trimethyl Naphthalene 5574923
5 
9.6075 x 
10-3 
4.5881 x 10-2 
Fluorene 2382422 4.1057 x 
10-4 
1.9607 x 10-3 
Hexadecane 2162304 3.7264 x 
10-4 
1.7796 x 10-3 
Dibenzofuran, 4-methyl- 2090334
8 
3.6024 x 
10-3 
1.7203 x 10-2 
Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 4624330 7.9693 x 
10-4 
3.8058 x 10-3 
Tetramethylnaphthalene 2606928
2 
4.4926 x 
10-3 
2.1455 x 10-2 
9H-Fluorene, 2-methyl- 3415915 5.8868 x 
10-4 
2.8113 x 10-3 
Pentadecane, 2,6,10,14-tetramethyl- 2763776
4 
4.7630 x 
10-3 
2.2746 x 10-2 
Anthracene 4508402
1 
7.7696 x 
10-3 
3.7104 x 10-2 
Octadecane 4616071 7.9551 x 
10-4 
3.7990 x 10-3 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 7517722 1.2956 x 
10-3 
6.1870 x 10-3 
Methyl phenanthrene 2811710
3 
4.8456 x 
10-3 
2.3140 x 10-2 
Nonadecane 1994142 3.4366 x 
10-4 
1.6412 x 10-3 
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Eicosane 4606721 7.9390 x 
10-4 
3.7913 x 10-3 
Fluoranthene 8254188 1.4225 x 
10-3 
6.7931 x 10-3 
Pyrene 1079777
6 
1.8608 x 
10-3 
8.8865 x 10-3 
Benzo[b]naphtho[2,3-d]furan 2621371 4.5175 x 
10-4 
2.1574 x 10-3 
Phenanthrene, 1-methyl-7-(1-methylethyl)- 2509017
9 
4.3239 x 
10-3 
2.0649 x 10-2 
Dimethyl Pyrene 6818905 1.1751E-
03 
5.6119 x 10-3 
Heneicosane 3597607 6.1999 x 
10-4 
2.9608 x 10-3 
Tetracosane 1947576 3.3564 x 
10-4 
1.6028 x 10-3 
Pentacosane 2051290 3.5351 x 
10-4 
1.6882 x 10-3 
1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) 
ester 
3980497 6.8598 x 
10-4 
3.2759 x 10-3 
Hexacosane 3329698 5.7382 x 
10-4 
2.7403 x 10-3 
28-Nor-17.beta.(H)-hopane 1682643 2.8998 x 
10-4 
1.3848 x 10-3 
 Total 0.103 0.490 
 
Table A 4.22. Compounds extracted from type III sedimentary rock by subcritical water at 300 oC for 30 
minutes. 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Benzene, 1,3,5-trimethyl- 15447465 2.5101 x 
10-3 
1.1729 x 10-2 
Phenol, 2-methyl- 18722834 3.0423 x 
10-3 
1.4216 x 10-2 
Phenol, 4-methyl- 27632441 4.4900 x 
10-3 
2.0981 x 10-2 
Acetophenone 7756988 1.2604 x 
10-3 
5.8899 x 10-3 
Phenol, 2-ethyl- 5589792 9.0828 x 
10-4 
4.2443 x 10-3 
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Dimethyl phenol 4464910 7.2550 x 
10-4 
3.3902 x 10-3 
Benzene, 1-ethyl-2,4-dimethyl- 2890607 4.6969 x 
10-4 
2.1948 x 10-3 
Phenol, 4-ethyl- 3207901 5.2125 x 
10-4 
2.4357 x 10-3 
Phenol, 3-ethyl- 3292321 5.3497 x 
10-4 
2.4998 x 10-3 
Benzene, 1,3-dimethyl-5-(1-methylethyl)- 4484042 7.2861 x 
10-4 
3.4047 x 10-3 
Ethanone, 1-(2-hydroxyphenyl)- 2594655 4.2160 x 
10-4 
1.9701 x 10-3 
Ethanone, 1-(2-methylphenyl)- 1235229 2.0071 x 
10-4 
9.3791 x 10-4 
Naphthalene 48668155 7.9081 x 
10-3 
3.6954 x 10-2 
3,4-Dimethylanisole 1064883 1.7303 x 
10-4 
8.0856 x 10-4 
1H-Indene, 2,3-dihydro-1,1,5-trimethyl- 1532464 2.4901 x 
10-4 
1.1636 x 10-3 
Phenol, 2-ethyl-6-methyl- 4569230 7.4245 x 
10-4 
3.4694 x 10-3 
1H-Inden-1-one, 2,3-dihydro- 5381211 8.7439 x 
10-4 
4.0859 x 10-3 
Methyl Naphthalene 82039609 1.3331 x 
10-2 
6.2292 x 10-2 
Tetrahydro trimethyl naphthalene 19019179 3.0904 x 
10-3 
1.4441 x 10-2 
Ethyl Naphthalene 11942582 1.9405 x 
10-3 
9.0680 x 10-3 
Tridecane 1595213 2.5921 x 
10-4 
1.2112 x 10-3 
Dimethyl Naphthalene 81672008 1.3271 x 
10-2 
6.2013 x 10-2 
Diphenylmethane 2134401 3.4682 x 
10-4 
1.6206E-03 
Tetrahydro tetramethyl Naphthalene 4392971 7.1381 x 
10-4 
3.3356 x 10-3 
1H-Inden-1-one, 2,3-dihydro-3,3,4,5-
tetramethyl- 
11642791
8 
1.8918 x 
10-2 
8.8403 x 10-2 
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Trimethyl Naphthalene 53821998 8.7455 x 
10-3 
4.0867 x 10-2 
Dibenzofuran, 4-methyl- 14699922 2.3886 x 
10-3 
1.1162 x 10-2 
9H-Fluorene, 2-methyl-  6477321 1.0525 x 
10-3 
4.9182 x 10-3 
Tetramethyl Naphthalene 53549668 8.7013 x 
10-3 
4.0660 x 10-2 
Anthracene 63759194 1.0360 x 
10-2 
4.8412 x 10-2 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 5448969 8.8540 x 
10-4 
4.1374 x 10-3 
6-Isopropyl-1,4-dimethylnaphthalene 6254518 1.0163 x 
10-3 
4.7490 x 10-3 
Methyl phenanthrene 47745751 7.7582 x 
10-3 
3.6253 x 10-2 
Dimethyl phenanthrene 7368119 1.1972 x 
10-3 
5.5946 x 10-3 
Fluoranthene 10166219 1.6519 x 
10-3 
7.7192 x 10-3 
Pyrene 8770217 1.4251 x 
10-3 
6.6592 x 10-3 
Benzo[b]naphtho[2,3-d]furan 6570474 1.0676 x 
10-3 
4.9889 x 10-3 
Trimethyl phenanthrene 3166471 5.1452 x 
10-4 
2.4043 x 10-3 
Phenanthrene, 1-methyl-7-(1-methylethyl)- 46966534 7.6316 x 
10-3 
3.5662 x 10-2 
Methyl pyrene 9772391 1.5879 x 
10-3 
7.4201 x 10-3 
Dimethyl pyrene 7243258 1.1770 x 
10-3 
5.4998 x 10-3 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
53989109 8.7727 x 
10-3 
4.0994 x 10-2 
Hexadecane 1665150 2.7057 x 
10-4 
1.2643 x 10-3 
Pentadecane, 2,6,10,14-tetramethyl- 3640537 5.9155 x 
10-4 
2.7642 x 10-3 
 Total 0.144 0.675 
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Table A 4.23. Compounds extracted from type III sedimentary rock by subcritical water at 300 oC for 40 
minutes. 
Identified compound Mass spec 
response 
Yield 
(mg) 
w/w (mg/g) 
Benzene, 1,3,5-trimethyl- 14565157 2.1806 x 
10-3 
1.3272 x 10-2 
Phenol, 2-methyl- 12494438 1.8706 x 
10-3 
1.1385 x 10-2 
Phenol, 4-methyl- 12856494 1.9248 x 
10-3 
1.1715 x 10-2 
Acetophenone 4801722 7.1890 x 
10-4 
4.3755 x 10-3 
Phenol, 2-ethyl- 3653713 5.4702 x 
10-4 
3.3294 x 10-3 
Dimethyl phenol 10178507 1.5239 x 
10-3 
9.2750 x 10-3 
Benzene, 1-ethyl-2,4-dimethyl- 2498146 3.7401 x 
10-4 
2.2764 x 10-3 
Phenol, 4-ethyl- 1799674 2.6944 x 
10-4 
1.6399 x 10-3 
Phenol, 3-ethyl- 951987 1.4253 x 
10-4 
8.6749 x 10-4 
Ethanone, 1-(2-methylphenyl)- 657508 9.8440 x 
10-5 
5.9915 x 10-4 
Naphthalene 37686400 5.6423 x 
10-3 
3.4341 x 10-2 
1H-Indene, 2,3-dihydro-1,1,5-trimethyl- 1460791 2.1870 x 
10-4 
1.3311 x 10-3 
Phenol, 2-ethyl-6-methyl- 5402952 8.0891 x 
10-4 
4.9234 x 10-3 
3,4-Dimethylanisole 694194 1.0393 x 
10-4 
6.3258 x 10-4 
Methyl Naphthalene 66473094 9.9521 x 
10-3 
6.0573 x 10-2 
Tetrahydro trimethyl naphthalene 21379037 3.2008 x 
10-3 
1.9481 x 10-2 
Ethyl Naphthalene 9965818 1.4920 x 
10-3 
9.0812 x 10-3 
Tridecane 1701005 2.5467 x 
10-4 
1.5500 x 10-3 
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Dimethyl Naphthalene 70521663 1.0558 x 
10-2 
6.4262 x 10-2 
1,1'-Biphenyl, 2-methyl- 2089705 3.1286 x 
10-4 
1.9042 x 10-3 
Tetrahydro tetramethyl Naphthalene 3733676 5.5899 x 
10-4 
3.4023 x 10-3 
1H-Inden-1-one, 2,3-dihydro-3,3,4,5-
tetramethyl- 
11344437
1 
1.6984 x 
10-2 
1.0337 x 10-1 
Diphenylmethane 2025283 3.0322 x 
10-4 
1.8455 x 10-3 
Trimethyl Naphthalene 53130124 7.9544 x 
10-3 
4.8414 x 10-2 
Fluorene 2690612 4.0283 x 
10-4 
2.4518 x 10-3 
Dibenzofuran, 4-methyl- 13368728 2.0015 x 
10-3 
1.2182 x 10-2 
1H-Indene, 5-(1,1-dimethylethyl)-2,3-dihydro-
1,1-dimethyl- 
8876563 1.3290 x 
10-3 
8.0887 x 10-3 
Tetramethyl naphthalene 47455490 7.1049 x 
10-3 
4.3243 x 10-2 
9H-Fluorene, 2-methyl-  9165661 1.3722 x 
10-3 
8.3521 x 10-3 
Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 4469992 6.6923 x 
10-4 
4.0732 x 10-3 
Pentadecane, 2,6,10,14-tetramethyl- 3554578 5.3218 x 
10-4 
3.2391 x 10-3 
Anthracene 44417735 6.6501 x 
10-3 
4.0475 x 10-2 
Octadecane 2813966 4.2130 x 
10-4 
2.5642 x 10-3 
9H-Fluorene, 2,3-dimethyl- 4143572 6.2036 x 
10-4 
3.7758 x 10-3 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 4754420 7.1181 x 
10-4 
4.3324 x 10-3 
6-Isopropyl-1,4-dimethylnaphthalene 4478897 6.7056 x 
10-4 
4.0813 x 10-3 
Methyl phenanthrene 38976174 5.8354 x 
10-3 
3.5517 x 10-2 
Dimethyl phenanthrene 10061555 1.5064 x 
10-3 
9.1685 x 10-3 
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Fluoranthene 8126172 1.2166 x 
10-3 
7.4049 x 10-3 
Pyrene 7408495 1.1092 x 
10-3 
6.7509 x 10-3 
Benzo[b]naphtho[2,3-d]furan 5265791 7.8837 x 
10-4 
4.7984 x 10-3 
Trimethyl phenanthrene 2642528 3.9563 x 
10-4 
2.4080 x 10-3 
Phenanthrene, 1-methyl-7-(1-methylethyl)- 43126268 6.4567 x 
10-3 
3.9298 x 10-2 
Methyl pyrene 10717873 1.6046 x 
10-3 
9.7665 x 10-3 
11H-Benzo[a]fluoren-11-one 3698211 5.5368 x 
10-4 
3.3699 x 10-3 
Dimethyl pyrene 6963521 1.0426 x 
10-3 
6.3454 x 10-3 
Benz[a]anthracene 1607433 2.4066 x 
10-4 
1.4648 x 10-3 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
17785804 2.6628 x 
10-3 
1.6207 x 10-2 
Hexadecane 1493845 2.2365 x 
10-4 
1.3612 x 10-3 
 Total 0.114 0.695 
Table A 4.24. Compounds extracted from type III sedimentary rock by subcritical water at 300 oC for 50 
minutes. 
Identified compound Mass spec 
response 
Yield (mg) w/w (mg/g) 
Benzene, 1,3,5-trimethyl- 12182396 2.0434 x 
10-3 
9.4600 x 10-3 
Phenol, 2-methyl- 35768758 5.9995 x 
10-3 
2.7776 x 10-2 
Phenol, 4-methyl-  67353067 1.1297 x 
10-2 
5.2302 x 10-2 
Acetophenone 5484383 9.1990 x 
10-4 
4.2588 x 10-3 
Phenol, 2-ethyl- 10761443 1.8050 x 
10-3 
8.3566 x 10-3 
Dimethyl phenol  34357850 5.7629 x 
10-3 
2.6680 x 10-2 
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Benzene, 1-ethyl-2,4-dimethyl- 2465723 4.1358 x 
10-4 
1.9147 x 10-3 
Naphthalene 45963682 7.7095 x 
10-3 
3.5692 x 10-2 
Trimethyl phenol 1620188 2.7176 x 
10-4 
1.2581 x 10-3 
Phenol, 2-ethyl-6-methyl- 10656282 1.7874 x 
10-3 
8.2749 x 10-3 
Benzene, 1-ethyl-4-methoxy- (ether) 5835301 9.7876 x 
10-4 
4.5313 x 10-3 
3,4-Dimethylanisole (ether) 1798514 3.0167 x 
10-4 
1.3966 x 10-3 
1H-Inden-1-one, 2,3-dihydro- 3966583 6.6532 x 
10-4 
3.0802 x 10-3 
Methyl Naphthalene 77485749 1.2997 x 
10-2 
6.0170 x 10-2 
1H-Inden-5-ol, 2,3-dihydro- (oxygenated) 2230675 3.7415 x 
10-4 
1.7322 x 10-3 
Ethyl naphthalene 11525332 1.9332 x 
10-3 
8.9498 x 10-3 
Dimethyl Naphthalene 99733556 1.6728 x 
10-2 
7.7446 x 10-2 
Naphthalenol(oxygenated) 7254896 1.2169 x 
10-3 
5.6337 x 10-3 
Tridecane 2028286 3.4021 x 
10-4 
1.5750 x 10-3 
Trimethyl Naphthalene 53828715 9.0287 x 
10-3 
4.1800 x 10-2 
Hexadecane 1683031 2.8230 x 
10-4 
1.3069 x 10-3 
Methyl Naphthalenol(oxygenated) 4855971 8.1450 x 
10-4 
3.7708 x 10-3 
Dibenzofuran, 4-methyl- 16751974 2.8098 x 
10-3 
1.3008 x 10-2 
Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 4040599 6.7773 x 
10-4 
3.1377 x 10-3 
Tetramethyl Naphthalene 25601378 4.2941 x 
10-3 
1.9880 x 10-2 
Naphthalene, 1-(methoxymethyl)- 
(oxygenated) 
1178177 1.9762 x 
10-4 
9.1489 x 10-4 
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9H-Fluorene, 2-methyl- 6850289 1.1490 x 
10-3 
5.3195 x 10-3 
Pentadecane, 2,6,10,14-tetramethyl- 10918620 1.8314 x 
10-3 
8.4787 x 10-3 
Naphthalene, 1,2-dihydro-3,5,8-trimethyl- 2926638 4.9089 x 
10-4 
2.2726 x 10-3 
Diphenylmethane 3000470 5.0327 x 
10-4 
2.3300 x 10-3 
Anthracene 8362204 1.4026 x 
10-3 
6.4935 x 10-3 
Octadecane 2633865 4.4178 x 
10-4 
2.0453 x 10-3 
1,3-Pentadiene, 1,1-diphenyl-, (Z)- 5072734 8.5085 x 
10-4 
3.9391 x 10-3 
Dibenzothiophene, 3-methyl- 2058969 3.4535 x 
10-4 
1.5989 x 10-3 
Methyl phenanthrene 14069419 2.3599 x 
10-3 
1.0925 x 10-2 
1H-Cyclopropa[l]phenanthrene,1a,9b-dihydro- 8345604 1.3998 x 
10-3 
6.4806 x 10-3 
4-Hydroxy-9-fluorenone 1531783 2.5693 x 
10-4 
1.1895 x 10-3 
Eicosane 2755805 4.6223 x 
10-4 
2.1400 x 10-3 
Fluoranthene 6777968 1.1369 x 
10-3 
5.2633 x 10-3 
Pyrene 6937109 1.1636 x 
10-3 
5.3869 x 10-3 
Benzo[b]naphtho[2,3-d]furan 1449396 2.4311 x 
10-4 
1.1255 x 10-3 
Benzo[kl]xanthene 720125 1.2079 x 
10-4 
5.5920 x 10-4 
3-Phenanthrol 2394369 4.0161 x 
10-4 
1.8593 x 10-3 
Phenanthrene, 1-methyl-7-(1-methylethyl)- 22164609 3.7177 x 
10-3 
1.7212 x 10-2 
Methyl pyrene 3295492 5.5276 x 
10-4 
2.5591 x 10-3 
11H-Benzo[a]fluoren-11-one 3293002 5.5234 x 
10-4 
2.5571 x 10-3 
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Dimethyl pyrene 6629153 1.1119 x 
10-3 
5.1477 x 10-3 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
45325937 7.6026 x 
10-3 
3.5197 x 10-2 
 Total 0.120 0.554 
 
Table A 4.25. Organic solvent extraction of sedimentary rock containing type I organic matter. 
 First extraction 2nd repetition 3rd repetition Average 
% EOM (w/w) 0.0511 0.0580 0.0498 0.0533 
 
Table A 4.26. Organic solvent extraction of sedimentary rock containing type II organic matter.  
 First extraction 2nd repetition 3rd repetition Average 
% EOM (w/w) 0.00027 0.00040 0.00037 0.00035 
 
Table A 4.27. Organic solvent extraction of sedimentary rock containing type III organic matter. 
 First extraction 2nd repetition 3rd repetition Average 
% EOM (w/w) 0.022 0.016 0.036 0.0247 
 
Figure A 4.28. Representative blank chromatogram in the study. After each extraction of target sample, the 
system was cleaned very thoroughly with more than 500 mL of hot water at 300 oC. Final washing eluent was 
collected for the cleanliness assessment. The peaks observed on the chromatogram above are not indicative of 
any compounds found in sedimentary rocks, they are diagnostic signals of chlorinated fluorinated ethane and 
butane which were identified by the mass spec library with only 50 hits and below. 
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Figure A 4.29. Chromatograms of repeated subcritical water extraction of type I sedimentary rock at 300  oC for 
20 minutes and 30 minutes. 
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Figure A 4.30. Chromatograms of subcritical water extraction of type I sedimentary rock at 300 oC for 40 
minutes and 50 minutes. 
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Figure A 4.31. Chromatograms of repeated subcritical water extraction of type II sedimentary rock at 300 oC for 
20 minutes and 30 minutes. 
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Figure A 4.32. Chromatograms of subcritical water extraction of type II sedimentary rock at 300 oC for 40 
minutes and 50 minutes. 
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Figure A 4.33. Chromatograms of repeated subcritical water extraction of type III sedimentary rock at 300 oC 
for 20 minute and 30 minutes. 
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Figure A 4.34. Chromatograms of subcritical water extraction of type III sedimentary rock at 300 oC for 50 
minutes and 40 minutes. 
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Appendix 5 - Subcritical water extraction heavy oil sand 
Preliminary work 
  
 
Figure A 5.1. Colour of collected eluent (from top left): 250 oC 20 minutes, 300 oC 20 minutes, 300 oC 1 hour, 
300 oC 2 hours, 300 oC 4 hours, 300 oC 8 hours. 
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Figure A 5.2. Colour of DCM:MeOH solution of floating hydrocarbon solids (flotates) (from left to right): 300 oC 
20 minutes, 300 oC 1 hour, 300 oC 2 hours. 
 
Figure A 5.3. Dark brown hydrocarbons after evaporation of DCM:MeOH solution of floating solids (flotates). 
 
Figure A 5.4. Liquid liquid extraction (DCM) of the subcritical water eluent. 1 mL of each eluent of 1 hour, 2 
hours, 4 hours, 8 hours extractions were transferred to test tubes followed by the addition of 2 mL of 
dichloromethane (DCM) and sonicated for 10 minutes. After sonication, 15 minutes of centrifugation at 2000 
rpm was carried out. There was still a degree of emulsion after centrifugation. This resembles to the surfactant 
work of JSC Mars1. The DCM layers were combined and evaporated. The remaining hydrocarbons (after 
evaporation) was subjected to fractionation. 
Table A 5.5. Fractionation of flotates (subcritical water extraction). 
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 Saturates Aromatics Polars Asphaltene 
20 minutes 2.9 x 10-3 g 7 x 10-4 g 8 x 10-4 g 2.7 x 10-3 g 
1 hour  2.3 x 10-3 g 7.4 x 10-3 g 8 x 10-4 g 5.9 x 10-3 g 
2 hour 2.1 x 10-3 g 9 x 10-4 g 3 x 10-4 g 7.2 x 10-3 g 
 
Table A 5.6. Fractionation of solvent extract of the recovered sand. 
Saturates Aromatics Polars Asphaltene 
1.6 x 10-3 g 1 x 10-3 g 3 x 10-4 g 0.06 g 
 
Table A 5.7. Fractionation of liquid-liquid extraction (DCM) of subcritical water extract. 
 Saturates Aromatics Polars Asphaltene 
1 hour 1 x 10-4 g 1 x 10-4 g Negligible n/a 
2 hours 3 x 10-4 g 1 x 10-4 g 3 x 10-4 g  n/a 
4 hours 2 x 10-4 g 1 x 10-4 g Negligible n/a 
8 hours 1 x 10-4 g 1 x 10-4 g 7 x 10-4 g n/a 
 
 
 
  
308 
 
Figure A 5.8. Representative chromatogram of saturate fraction of flotate (20 minutes subcritical water 
extraction). 
 
Figure A 5.9. Representative chromatogram of aromatic fraction of flotate (1 hour subcritical water 
extraction). 
 
Figure A 5.10. Representative chromatogram of saturate fraction of organic solvent (DCM) liquid-liquid 
extraction of the collected eluent (4 hours subcritical water extraction). 
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Figure A 5.11. Bar charts of the fractionation yields:  Flotate (or hydrocarbons bits) generated by subcritical 
water extraction of Osmington Mills heavy oil sand at different treatment length (top). Organic solvent (DCM) 
liquid-liquid extraction of the collected eluents following subcritical water extraction of Osmington Mills heavy 
oil sand at different extraction times (bottom). 
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Asphaltene yields appear to increase with longer extraction times at 300 oC (Figure A 5.11), 
however saturates fractions see a reverse trend. The trend for aromatic and polar fractions 
are not well-defined. 
Saturate portion in liquid-liquid extraction is highest for 2 hours treatment.  Long chain C12, 
C14, C16, C18, C20, C22, C24 and some hopanes were observed in these saturate fractions 
(Figure A 5.10). Longer times could be said to have no effect on the aromatic yields. 
Problem:  The lack of experience with hydrocarbons fractionation could be the cause for 
some of the uncorrelated readings (i.e. yields not increasing with longer time). The use of 
two figures balance perhaps exacerbated the problem 
Follow-up work 
 
Figure A 5.12. Residue of 23 oC subcritical water extraction of Osmington Mills sand followed by solvent liquid-
liquid extraction using DCM and evaporated to dryness. 
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Free radical degradation of macromolecular asphaltene 
 
Figure A 5.13. Proposed mechanism of degradation of asphaltene molecule under subcritical water condition. 
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Extraction/solubilising mechanism 
Intermolecular hydrogen bond lysis is prerequisite in any water solvation of exogenous 
compounds, this endothermic step is aided by large increase of thermal energy from 25 oC 
to 300 oC, free moving water molecules and hydrocarbon molecules absorb more thermal 
energy in the form of kinetic one (Figure A 5.13). The increase in temperature has a drastic 
effect on physical properties of water including density, viscosity alongside intramolecular 
change. As temperature of water changes from 25 oC to 300 oC, the log values of water ionic 
products increases by three orders of magnitude from -13.993 to -11.301, this significant 
increase in both hydrogen and hydroxide ions favour acid and base catalysed solubilisation 
(Figure A 5.14 and Figure A 5.15).  
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Figure A 5.14. Proposed mechanism of subcritical water solubilisation of aliphatic hydrocarbons. 
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Figure A 5.15. Proposed mechanism of subcritical water solubilisation of aromatic hydrocarbons. 
 
 
 
 
 
 
 
 
 
 
 
 
  
315 
 
 
Figure A 5.16. Proposed mechanism of subcritical water solubilisation of polar hydrocarbons. 
 
 
Figure A 5.17. ATR IR spectra of background scan and solvent toluene. Background spectrum was 
automatically corrected from the spectra of asphaltene residues. Solvent toluene was used to dissolve 
asphaltene before deposition on diamond crystal.  
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ATR-FTIR spectra of residual asphaltenes  
 
Figure A 5.18.Left column represents ATR-FTIR spectra of asphaltene extracted from residual sand after 20 
minutes subcritical water extraction at different experimental temperatures from 150 oC to 300 oC. Left 
column represents ATR-FTIR spectra of asphaltene extracted from residual sand after 1 hour subcritical water 
extraction at different experimental temperatures from 150 oC to 300 oC.  
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Figure A 5.19. ATR-FTIR spectra of asphaltene extracted from residual sand after 2 hours subcritical water 
extraction at different experimental temperataures from 150 oC to 300 oC. 
Infrared spectroscopy bands integration 
Table A 5.20. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /20 
minutes 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /20 
minutes 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /20 
minutes 
3rd IR analysis 
Average 
1602.581 0.334 0.339 0.355 0.343 (±0.011) 
1702.863 0.502 0.489 0.499 0.497 (±0.007) 
2852.247 0.566 0.541 0.547 0.552 (±0.013) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.398 0.404 0.406 0.403 (±0.004) 
 
Table A 5.21. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /1 hour 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /1 hour 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /1 hour 
3rd IR analysis 
Average 
1602.581 0.337 0.238 0.342 0.306 (±0.059) 
1702.863 0.449 0.324 0.483 0.418 (±0.084) 
2852.247 0.538 0.590 0.569 0.566 (±0.026) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
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2950.601 0.412 0.495 0.387 0.431 (±0.057) 
 
Table A 5.22. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /2 hours 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /2 hours 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
150 oC /2 hours 
3rd IR analysis 
Average 
1602.581 0.327 0.510 0.322 0.386 (±0.107) 
1702.863 0.410 0.660 0.436 0.502 (±0.137) 
2852.247 0.661 0.566 0.631 0.619 (±0.048) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.505 0.380 0.493 0.459 (±0.069) 
 
Table A 5.23. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /20 
minutes 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /20 
minutes 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /20 
minutes 
3rd IR analysis 
Average 
1602.581 0.468 0.370 0.528 0.455 (±0.080) 
1702.863 0.556 0.487 0.731 0.591 (±0.126) 
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2852.247 0.641 0.603 0.618 0.621 (±0.019) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.372 0.448 0.400 0.407 (±0.038) 
 
Table A 5.24. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /1 hour 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /1 hour 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /1 hour 
3rd IR analysis 
Average 
1602.581 0.399 0.430 0.421 0.417 (±0.016) 
1702.863 0.540 0.608 0.587 0.579 (±0.035)  
2852.247 0.624 0.590 0.582 0.599 (±0.023) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.362 0.360 0.383 0.368 (±0.013) 
 
Table A 5.25. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /2 hours 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /2 hours 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
200 oC /2 hours 
3rd IR analysis 
Average 
1602.581 0.348 0.278 0.262 0.296 (±0.046) 
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1702.863 0.343 0.302 0.280 0.308 (±0.032) 
2852.247 0.661 0.663 0.650 0.658 (±0.007) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.480 0.496 0.584 0.520 (±0.056) 
 
Table A 5.26. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /20 
minutes 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /20 
minutes 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /20 
minutes 
3rd IR analysis 
Average 
1602.581 0.270 0.264 0.242 0.258 (±0.015) 
1702.863 0.321 0.339 0.302 0.321 (±0.018) 
2852.247 0.555 0.563 0.547 0.555 (±0.008) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.361 0.361 0.368 0.364 (±0.004) 
 
Table A 5.27. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /1 hour 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /1 hour 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /1 hour 
Average 
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1st IR analysis 2nd IR analysis 3rd IR analysis 
1602.581 0.521 0.329 0.286 0.379 (±0.126) 
1702.863 0.508 0.336 0.306 0.383 (±0.109) 
2852.247 0.667 0.670 0.683 0.673 (±0.009) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.333 0.468 0.478 0.426 (±0.081) 
 
Table A 5.28. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /2 hours 
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /2 hours 
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
250 oC /2 hours 
3rd IR analysis 
Average 
1602.581 0.272 0.285 0.314 0.291 (±0.022) 
1702.863 0.255 0.283 0.318 0.285 (±0.032) 
2852.247 0.683 0.664 0.642 0.663 (±0.021) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.490 0.480 0.456 0.475 (±0.018) 
 
Table A 5.29. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
Peak height 
ratio 
normalised to 
the highest 
peak  
Peak height 
ratio 
normalised to 
the highest 
peak  
Average 
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300 oC /20 
minutes 
1st IR analysis 
300 oC /20 
minutes 
2nd IR analysis 
300 oC /20 
minutes 
3rd IR analysis 
1602.581 0.417 0.426 0.297 0.380 (±0.072) 
1702.863 0.421 0.434 0.303 0.386 (±0.072) 
2852.247 0.595 0.583 0.676 0.618 (±0.051) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.331 0.333 0.456 0.374 (±0.072) 
 
Table A 5.30. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
the highest 
peak  
300 oC /1 hour  
1st IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
300 oC /1 hour  
2nd IR analysis 
Peak height 
ratio 
normalised to 
the highest 
peak  
300 oC /1 hour 
3rd IR analysis 
Average 
1602.581 0.273 0.241 0.313 0.276 (±0.036) 
1702.863 0.270 0.265 0.349 0.295 (±0.047) 
2852.247 0.596 0.619 0.596 0.604 (±0.013) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.386 0.414 0.331 0.377 (±0.042) 
 
Table A 5.31. Residual asphaltene analysed by ATR-FTIR. Peak height ratio of selected IR bands diagnostic of 
hydrocarbons. Standard deviations are given in parentheses. 
Wavenumber 
(cm-1) 
Peak height 
ratio 
normalised to 
Peak height 
ratio 
normalised to 
Peak height 
ratio 
normalised to 
Average 
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the highest 
peak  
300 oC /2 hours  
1st IR analysis 
the highest 
peak  
300 oC /2 hours  
2nd IR analysis 
the highest 
peak  
300 oC /2 hours 
3rd IR analysis 
1602.581 0.085 0.100 0.121 0.102 (±0.018) 
1702.863 0.147 0.160 0.171 0.159 (±0.012) 
2852.247 0.692 0.682 0.659 0.678 (±0.017) 
2923.602 1.000 1.000 1.000 1.000 (±0.000) 
2950.601 0.420 0.428 0.416 0.421 (±0.006) 
 
Appendix 6 - Sulphate ecosystem 
Chromatogram peaks interpretation 
Table A 6.1. Compounds extracted from microbial mat M3 by subcritical water at 300 oC for 20 minutes. 
Identified compound Retention 
time (min) 
MS 
response 
Amount 
(mg) 
ppm 
1,2-cyclopentadione, 3-methyl 9.446 1130123
8 
2.70 27.00 
2-Cyclohexen-1-one, 4-(1-
methylethyl)- 
16.886 6449726 1.54 15.41 
Phenol, 2,6-dimethoxy- 20.301 1592333
8 
3.80 38.04 
Vanillin 21.99 6845996 1.64 16.35 
Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
24.621 3158837 0.75 7.55 
1H-Indole, 2,3-dimethyl- 24.778 2229201 0.53 5.32 
2-Propanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
25.834 2110290 0.50 5.04 
2-Phenyl-3-(2-furyl)-propenal 30.185 2934286 0.70 7.01 
1-Heptadecene 30.559 4183754 1.00 9.99 
Tetradecanoic acid 32.645 1359292 0.32 3.25 
2-Hexadecene, 3,7,11,15-
tetramethyl-, [R-[R*,R*-(E)]]- (2-
Phytene) 
34.131 2666769 0.64 6.37 
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1H-Purine-2,6-dione, 1-ethyl-3,7-
dihydro-3,7-dimethyl- 
34.225 2108061 0.50 5.04 
Oxirane, decyl- 34.488 6611775 1.58 15.79 
n-Hexadecanoic acid 37.861 6615110
6 
15.80 158.01 
Eicosane  38.394 1976063 0.44 4.40 
cis-1-Chloro-9-octadecene 40.581 1175382 0.28 2.81 
Heneicosane 40.715 1361329 0.30 3.03 
Vaccenic acid 41.798 3314415
2 
7.92 79.17 
Docosane 42.946 1628403 0.36 3.63 
Tricosane 45.081 872153 0.19 1.94 
1,2-Benzenedicarboxylic acid, 
mono(2-ethylhexyl) ester 
49.635 2104555 0.50 5.03 
Total        420.177
3 
 
Table A 6.2. Compounds extracted from microbial mat M3 by subcritical water at 300 oC for 20 minutes (2nd 
repetition). 
Identified compound Retention time 
(min) 
MS 
response 
Amount (mg) ppm 
1,2-Cyclopentanedione, 3-
methyl- 
9.452 2921760
3 
5.87 58.71 
2-Cyclohexen-1-one, 4-(1-
methylethyl)- 
16.917 1371153
9 
2.76 27.55 
1H-Inden-1-one, 2,3-dihydro- 18.083 2450467 0.49 4.92 
Phenol, 2,6-dimethoxy- 20.314 1355815
8 
2.72 27.24 
Vanillin 22.005 2820190 0.57 5.67 
2-Methyl-5-hydroxybenzofuran 22.733 9744578 1.96 19.58 
1H-Indole, 2,5-dimethyl- 24.788 4603313 0.92 9.25 
1H-Indole, 5,6,7-trimethyl- 26.693 1490034 0.30 2.99 
2,3,7-Trimethylindole 27.696 6926742 1.39 13.92 
1-Heptadecene 30.556 3024657 0.61 6.08 
3-Heptadecene, (Z)- 30.884 2867114 0.58 5.76 
Tetradecanoic acid 32.631 1297406 0.26 2.61 
2-Hexadecanone 33.446 988713 0.20 1.99 
Oxirane, decyl- 34.484 5217780 1.05 10.48 
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n-Hexadecanoic acid 37.833 6043046
2 
12.14 121.4
2 
Methyl 7,9-tridecadienyl ether 40.582 605844 0.12 1.22 
cis-13-Octadecenoic acid (Oleic 
acid) 
41.782 1079344
6 
2.17 21.69 
trans-13-Octadecenoic acid 
(Vaccenic acid) 
41.925 1001859
3 
2.01 20.13 
1-Docosene 44.962 614884 0.12 1.24 
Total       362.4
4 
 
Table A 6.3. Compounds extracted from microbial mat M3 by subcritical water at 300 oC for 20 minutes (3rd 
repetition). 
Identified compound Retention 
time (min) 
MS 
response 
Amount (mg) ppm 
1,2-Cyclopentanedione, 3-methyl- 9.436 1796019
2 
4.15 41.49 
2-Cyclohexen-1-one, 4-(1-methylethyl)- 16.892 1058621
6 
2.45 24.45 
Phenol, 2,6-dimethoxy- 20.299 8847883 2.04 20.44 
2-Methyl-5-hydroxybenzofuran 22.715 1857932
1 
4.29 42.92 
Vanillin 21.99 3577088 0.83 8.26 
2-Methyl-5-hydroxybenzofuran 22.715 1857932
1 
4.29 42.92 
Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
24.621 1101804 0.25 2.55 
1H-Indole, 2,3-dimethyl- 24.775 2184717 0.50 5.05 
2-Propanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
25.83 1076242 0.25 2.49 
1H-Indole, 1,2,3-trimethyl- 27.71 3435109 0.79 7.93 
2-Phenyl-3-(2-furyl)-propenal 30.188 1999498 0.46 4.62 
1-Heptadecene 30.552 2486393 0.55 5.50 
Tetradecanoic acid 32.604 4273418 0.95 9.46 
2-Hexadecene, 3,7,11,15-tetramethyl-, 
[R-[R*,R*-(E)]]- (2-Phytene) 
34.119 1966664 0.44 4.35 
4,7-Dimethyl-1,10-phenanthroline 34.207 1984531 0.46 4.58 
n-Hexadecanoic acid 37.806 6021733
6 
13.33 133.3
2 
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Cyclopentadecane 40.586 766859 0.17 1.70 
cis-13-Octadecenoic acid (Oleic acid) 41.765 1088967
1 
2.41 24.11 
trans-13-Octadecenoic acid (Vaccenic 
acid) 
41.925 9931396 2.20 21.99 
1-Docosene 44.883 393655 0.09 0.87 
9-Tricosene, (Z)- 44.964 691089 0.15 1.53 
Total       410.5
3 
 
Table A 6.4. Compounds extracted from microbial mat M4 by subcritical water at 300 oC for 20 minutes. 
Identified compound Retention 
time (min) 
MS 
response 
Amount (mg) ppm 
1H-Indole, 2,3-dimethyl- 24.754 1534202 0.36 3.61 
2,3,7-Trimethylindole 27.684 1957780 0.46 4.61 
1-Heptadecene 30.556 1680335 0.37 3.71 
Tetradecanoic acid 32.615 2144055 0.50 5.05 
2-Tridecanone 33.437 1182454 0.26 2.61 
2-Hexadecene, 2,6,10,14-
tetramethyl- 
34.476 6611951 1.46 14.58 
n-Hexadecanoic acid (palmitic 
acid) 
37.883 9655755
8 
21.30 212.9
7 
Cyclopentadecane 40.411 1410325 0.31 3.11 
Methyl 7,9-tridecadienyl ether 40.58 556613 0.12 1.23 
cis-13-Octadecenoic acid (Oleic 
acid) 
41.805 4295633
9 
9.47 94.74 
trans-13-Octadecenoic acid 
(Vaccenic acid) 
41.971 4719019
2 
10.41 104.0
8 
Octadecanoic acid 42.36 1115706
4 
2.46 24.61 
Hexadecane, 1-chloro- 42.941 1138608 0.25 2.51 
Heptacosane 52.83 1633690 0.36 3.60 
Cholest-14-ene, (5.alpha.)- 52.918 2013908 0.44 4.44 
Nonacosane 56.321 2535165 0.56 5.59 
Benz[c]acridine, 5,10-dimethyl- 53.85 1081312 0.25 2.55 
Benz[c]acridine, 7,8-dimethyl- 54.434 1076440 0.25 2.53 
4,22-Stigmastadiene-3-one 63.556 234606 0.05 0.52 
Total       496.6
5 
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Table A 6.5. Compounds extracted from microbial mat M4 by subcritical water at 300 oC for 20 minutes (2nd 
repetition). 
Identified compound Retention 
time (min) 
MS 
response 
Amount (mg) ppm 
Phenol, 2,4-bis(1,1-
dimethylethyl)- 
25.195 617755 0.13 1.31 
3-Heptadecene, (Z)- 30.55 973052 0.21 2.07 
Hexadecane 30.756 538450 0.11 1.15 
1-Tetradecene 34.029 371103 0.08 0.79 
2-Hexadecene, 2,6,10,14-
tetramethyl- 
34.477 5665749 1.21 12.05 
n-Hexadecanoic acid (palmitic 
acid) 
37.751 47265790.0
0 
10.05 100.54 
Cyclopentadecane 40.415 468340.00 0.10 1.00 
cis-13-Octadecenoic acid 
(Oleic acid) 
41.746 19570796.0
0 
4.16 41.63 
trans-13-Octadecenoic acid 
(Vaccenic acid) 
41.895 21212382.0
0 
4.51 45.12 
Tricosane 45.073 729505.00 0.16 1.55 
Tetracosane 47.117 632711 0.13 1.35 
E-8-Methyl-9-tetradecen-1-ol 
acetate 
46.658 249083 0.05 0.53 
Tetracosane 47.117 627133 0.13 1.33 
Cyclohexadecane, 1,2-diethyl- 49.002 491451 0.10 1.05 
Pentacosane 49.095 829763.00 0.18 1.76 
Butyl 9,12-octadecadienoate 51.183 1843515.00 0.39 3.92 
Octacosane 52.819 743242 0.16 1.58 
Cholest-14-ene, (5.alpha.)- 52.915 969998 0.21 2.06 
Total        220.79 
 
Table A 6.6. Compounds extracted from microbial mat M4 by subcritical water at 300 oC for 20 minutes (3rd 
repetition).  
Identified compound Retention 
time (min) 
MS 
response 
Amount (mg) ppm 
1H-Indole, 2,5-dimethyl- 24.78 1017369 0.22 2.19426 
2,3,7-Trimethylindole 27.712 1090512 0.24 2.35201
5 
1-Heptadecene 30.56 1225526 0.27 2.74828
1 
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Tetradecanoic acid 32.65 1865426 0.42 4.18327
7 
2-Tridecanone 33.439 739475 0.17 1.65829
6 
2-Hexadecene, 2,6,10,14-
tetramethyl- 
34.475 4211344 0.94 9.44407
2 
n-Hexadecanoic acid (palmitic 
acid) 
37.805 6793688
9 
15.24 152.350
6 
Cyclopentadecane 40.409 554893 0.12 1.24436
5 
Octadecane, 1-chloro- 40.709 545314 0.12 1.22288
4 
cis-13-Octadecenoic acid (Oleic 
acid) 
41.763 2551314
4 
5.72 57.2140
3 
trans-13-Octadecenoic acid 
(Vaccenic acid) 
41.914 2785633
1 
6.25 62.4687 
Tricosane 45.073 1005450 0.23 2.25475
3 
Pentacosane 49.096 1023969 0.23 2.29628
3 
Heptacosane 52.82 740272 0.17 1.66008
3 
Total       303.291
9 
 
Table A 6.7. Compounds extracted from exterior moss nodule 6E by subcritical water at 300 oC for 20 minutes. 
Identified compound Retention time 
(min) 
MS 
respons
e 
Amount (mg) ppm 
Tricosane 45.083 383583 0.08 0.76 
Tetracosane 47.132 448071 0.09 0.89 
Pentacosane 49.094 643921 0.13 1.28 
Hexacosane 50.995 495057 0.10 0.98 
Heptacosane 52.826 372458 0.07 0.74 
Cholest-14-ene, (5.alpha.)- 52.911 119310 0.02 0.24 
Octacosane 54.595 261228 0.05 0.52 
Nonacosane 56.316 335008 0.07 0.66 
Total       6.06 
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Table A 6.8. Compounds extracted from exterior moss nodule 6E by subcritical water at 300 oC for 20 minutes 
(2nd repetition). 
Identified compound Retention time 
(min) 
MS 
response 
Amount (mg) ppm 
Quinoline, 4-methyl- 21.313 1232364 0.21 2.09 
1H-Indole, 2,5-dimethyl- 24.791 1224479 0.21 2.08 
n-Hexadecanoic acid 
(palmitic acid) 
37.661 1123784
3 
2.03 20.27 
13-Octadecenoic acid 
isomers 
41.973 1001540
7 
1.81 18.06 
Tricosane 45.067 448943 0.08 0.81 
Tetracosane 47.123 367537 0.07 0.66 
Pentacosane 49.096 610789 0.11 1.10 
Cholest-14-ene, (5.alpha.)- 52.911 496987 0.09 0.90 
Total       45.97 
 
Table A 6.9. Compounds extracted from exterior moss nodule 6E by subcritical water at 300 oC for 20 minutes 
(3rd repetition). 
Identified compound Retention time 
(min) 
MS 
respons
e 
Amount (mg) ppm 
2-Cyclopenten-1-one, 2,3-
dimethyl- 
19.31 3009820 0.66 6.55 
n-Hexadecanoic acid (palmitic 
acid) 
37.707 6160851 1.34 13.41 
Pentacosane 49.101 467893 0.10 1.02 
Heptacosane 52.831 199831 0.04 0.44 
Cholest-14-ene, (5.alpha.)- 52.908 242816 0.05 0.53 
Total       21.95 
 
Table A 6.10. Compounds extracted from woody fragment 7W by subcritical water at 300 oC for 20 minutes. 
Identified compound Retention 
time (min) 
MS 
response 
Amount (mg) ppm 
2-Cyclopenten-1-one, 2-hydroxy-
3-methyl- 
9.445 7614019 1.67 16.68 
Benzeneacetaldehyde 10.096 8598052 1.88 18.83 
2-Cyclohexen-1-one, 3-methyl- 10.427 6637706 1.45 14.54 
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Phenol, 2-methoxy- 11.416 2778799
6 
6.09 60.86 
Phenol, 4-ethyl-2-methoxy- 17.811 7034965 1.54 15.41 
2-Methoxy-4-vinylphenol 19.145 1634115 0.36 3.58 
Phenol, 2,6-dimethoxy- 20.317 1038266
0 
2.27 22.74 
Vanillin 21.985 6105775 1.34 13.37 
Phenol, 2-methoxy-5-(1-
propenyl)-, (E)- 
23.529 935334 0.20 2.05 
Homovanillyl alcohol 23.763 2742367 0.60 6.01 
Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
24.628 5890620 1.29 12.90 
2-Propanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
25.858 4604643 1.01 10.09 
n-Hexadecanoic acid (palmitic 
acid) 
37.65 7727508 1.69 16.93 
Cyclopentadecane 39.534 1133696 0.25 2.48 
1-Heneicosanol 40.394 3103766 0.68 6.80 
Cyclopropaneoctanal, 2-octyl- 44.076 630160 0.14 1.38 
n-Tetracosanol-1 44.861 6079652 1.33 13.32 
1,19-Eicosadiene 47.739 425001 0.09 0.93 
1-Heptacosanol 48.976 7374607 1.62 16.15 
Total       255.04 
 
Table A 6.11. Compounds extracted from woody fragment 7W by subcritical water at 300 oC for 20 minutes 
(2nd repetition). 
Identified compound Retention 
time (min) 
MS 
response 
Amount (mg) ppm 
2-Cyclopenten-1-one, 2-hydroxy-
3-methyl- 
9.434 7034636 1.65 16.47 
Benzeneacetaldehyde 10.122 3426850 0.80 8.02 
2-Cyclohexen-1-one, 3-methyl- 10.433 4878800 1.14 11.42 
Phenol, 2-methoxy- 11.412 2661198
7 
6.23 62.29 
Phenol, 4-ethyl-2-methoxy- 17.807 8552866 2.00 20.02 
2-Methoxy-4-vinylphenol 19.138 1812112 0.42 4.24 
Phenol, 2,6-dimethoxy- 20.302 1299722
7 
3.04 30.42 
Vanillin 21.99 9555954 2.24 22.37 
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Phenol, 2-methoxy-5-(1-
propenyl)-, (E)- 
23.512 1567667 0.37 3.67 
Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
24.622 7021630 1.64 16.44 
Homovanillyl alcohol 23.763 7512349 1.76 17.58 
Ethanone, 1-(4-hydroxy-3,5-
dimethoxyphenyl)- 
31.747 2843479 0.67 6.66 
Hexadecenoic acid 37.532 599171 0.14 1.40 
n-Hexadecanoic acid (palmitic 
acid) 
37.647 9589285 2.24 22.45 
Cyclopentadecane 39.527 1695558 0.40 3.97 
1-Heneicosanol 40.394 4456457 1.04 10.43 
Cycloeicosane 44.86 6948484 1.63 16.26 
Tricosane 45.072 536514 0.13 1.26 
Tetracosane 47.117 655415 0.15 1.53 
1,19-Eicosadiene 47.722 389810 0.09 0.91 
1-Heptacosanol 48.97 5938395 1.39 13.90 
Tetrapentacontane, 1,54-
dibromo- 
49.089 339983 0.08 0.80 
Hexacosane 50.996 305690 0.07 0.72 
Hexatriacontyl 
pentafluoropropionate 
52.819 1060250 0.25 2.48 
Total       295.7
0 
 
Table A 6.12. Compounds extracted from woody fragment 7W by subcritical water at 300 oC for 20 minutes (3rd 
repetition). 
Identified compound Retention 
time (min) 
MS 
response 
Amount (mg) ppm 
2-Cyclopenten-1-one, 2-
hydroxy-3-methyl- 
9.457 4471146 0.97 9.72 
Benzeneacetaldehyde 10.118 7983578.00 1.74 17.36 
2-Cyclohexen-1-one, 3-methyl- 11.43 22285818.0
0 
4.85 48.45 
Phenol, 4-ethyl-2-methoxy- 17.818 6113490.00 1.33 13.29 
2-Methoxy-4-vinylphenol 19.169 940081.00 0.20 2.04 
Phenol, 2,6-dimethoxy- 20.347 7495710.00 1.63 16.30 
Vanillin 22.036 6286907 1.37 13.67 
Phenol, 2-methoxy-5-(1-
propenyl)-, (E)- 
23.535 853893 0.19 1.86 
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Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)- 
24.668 4256687.00 0.93 9.25 
Homovanillyl alcohol 23.792 5470911 1.19 11.89 
n-Hexadecanoic acid (palmitic 
acid) 
37.691 4168600 0.91 9.06 
Cyclotetradecane 39.539 855469 0.19 1.86 
Cyclopentadecane 40.403 1669685 0.36 3.63 
9,12-Octadecadienoic acid 
(Z,Z)- 
41.306 444913 0.10 0.97 
Cycloeicosane 44.865 3590797 0.78 7.81 
1-Heptacosanol 48.972 4279059 0.93 9.30 
Erucic acid 49.495 351535.00 0.08 0.76 
Total       177.23 
 
Core 1 Clay (1C): 0.1 g of sample was used. (Run 1) 
No Biomarkers. 
Core 1 Clay (1C): 0.1 g of sample was used. (2nd repetition) 
No Biomarkers. 
Core 1 Clay (1C): 0.1 g of sample was used. (3rd repetition) 
No Biomarkers.  
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Figure A 6.13. Chromatograms of repeated subcritical water extraction of core 3 microbial mat sample (3M) at 
300 oC and under 1500 psi pressure for 20 minutes.  
  
335 
 
 
Figure A 6.14. Chromatograms of repeated subcritical water extraction of core 4 microbial mat sample (3M) at 
300 oC and under 1500 psi pressure for 20 minutes. 
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Figure A 6.15. Chromatograms of repeated subcritical water extraction of core 6 exterior moss sample (6E) at 
300 oC and under 1500 psi pressure for 20 minutes. 
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Figure A 6.16. Chromatograms of repeated subcritical water extraction of core 7 woody fragment (7W) at 300 
oC and under 1500 psi pressure for 20 minutes. 
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Figure A 6.17. Chromatograms of repeated subcritical water extraction of core 1 clay rich sample (7W) at 300 
oC and under 1500 psi pressure for 20 minutes. 
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Figure A 6.18. ATR spectra of pre-extracted samples. The IR analysis was conducted in triplicate. 
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Figure A 6.19. ATR spectra of post-extracted samples (300 300 oC and 1500 psi for 20 minutes in single static 
mode). The IR analysis was conducted in triplicate. 
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Appendix 7 – Comparison of single and multistep subcritical water extraction 
of Mars analogue samples 
 
Figure A 7.1. Chromatograms of repeated subcritical water extraction of jarosite rich Stair Hole sample (SHJT) 
in static mode at 300 oC and under 1500 psi pressure for 20 minutes. 
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Figure A 7.4. Chromatogram of combined mode subcritical water extraction of jarosite rich Stair Hole sample 
(SHJT). Dynamic demineralisation temperature of 200 oC and flow rate of 6 mL/min for 10 minutes followed by 
300 oC static extraction. 
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Figure A 7.5. Chromatograms of combined mode subcritical water extraction of Stair Hole microbial mat 
sample (SHM). Dynamic demineralisation temperature of 150 oC and flow rate of 6 mL/min for 10 minutes 
followed by 300 oC static extraction for 20 minutes. 
 
Figure A 7.6. Chromatograms of combined mode subcritical water extraction of Stair Hole microbial mat 
sample (SHM). Dynamic demineralisation temperature of 150 oC and flow rate of 6 mL/min for 10 minutes 
followed by 300 oC static extraction for 20 minutes (2nd repetition). 
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Figure A 7.7. Chromatograms of combined mode subcritical water extraction of Stair Hole microbial mat 
sample (SHM). Dynamic demineralisation temperature of 200 oC and flow rate of 6 mL/min for 10 minutes 
followed by 300 oC static extraction for 20 minutes (2nd repetition). 
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Figure A 7.8. Chromatograms of combined mode subcritical water extraction of Stair Hole microbial mat 
sample (SHM). Dynamic demineralisation temperature of 200 oC and flow rate of 6 mL/min for 10 minutes 
followed by 300 oC static extraction for 20 minutes (3rd repetition). 
 
Figure A 7.9. Chromatogram of repeated subcritical water extraction of Stair Hole microbial mat sample (SHM) 
in static mode at 300 oC and under 1500 psi pressure for 20 minutes (2nd repetition). 
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Figure A 7.10. Chromatograms of repeated subcritical water extraction of Stair Hole microbial mat sample 
(SHM) in static mode at 300 oC and under 1500 psi pressure for 20 minutes (3rd repetition). 
Table A 7.11. Compounds extracted from SHM by subcritical water at 300 oC for 20 minutes.  
Identified compound  Mass spec response Yield (µg) Parts per 
million 
Propanoic acid, 2-methyl-, 1-(1,1-
dimethylethyl)-2-methyl-1,3-propanediyl 
ester 
1870878 0.10 0.95 
 
 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-
[R*,R*-(E)]]- (2-Phytene) 
3085016 0.17 1.57  
Thiophene, 3-methyl-2-pentadecyl- 1370536 0.12 1.17  
3-(4,8,12-Trimethyltridecyl)thiophene 597483 0.05 0.51  
Total     4.20  
 
Table A 7.12. Compounds extracted from SHM by subcritical water at 300 oC for 20 minutes (2nd repetition). 
Identified compound  Mass spec response Yield (µg) Parts per 
million 
3-Penten-2-one, 4-methyl- 6840212 0.30 2.84 
2-Cyclopenten-1-one 19622666 0.86 8.15 
2-Cyclopenten-1-one, 2-methyl- 13293954 0.58 5.52 
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2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 43311973 1.90 17.99 
Benzeneacetaldehyde 25475608 1.12 10.58 
Phenol, 2,5-bis(1,1-dimethylethyl)- 2790074 0.12 1.17 
1H-Indole, 2,3-dimethyl- 5597269 0.25 2.34 
1-Heptadecene 1410150 0.06 0.59 
1-Tetradecene 5829747 0.26 2.42 
3-Tetradecene, (Z)- 4667302 0.20 1.94 
Cyclopentane, ethyl- 15108003 0.66 6.28 
Acetic acid, 3,7,11,15-tetramethyl-
hexadecyl ester 
5517134 0.24 2.29 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-
[R*,R*-(E)]]- (2-Phytene) 
39703413 1.74 16.49 
3-Methyl-2-(3,7,11-
trimethyldodecyl)thiophene 
15103393 0.67 6.31 
3-Decylthiophene 7169043 0.32 3.00 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
4127077 0.18 1.71 
Total     89.63 
 
Table A 7.13. Compounds extracted from SHM by subcritical water at 300 oC for 20 minutes (3rd repetition). 
Identified compound Mass 
spec 
response 
Yield (µg) Parts per 
million 
2-Cyclopenten-1-one, 2-methyl- 24956508 1.06 9.92 
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 50246198 2.12 19.97 
Benzeneacetaldehyde 45591685 1.93 18.12 
1-Tridecene 1928808 0.08 0.77 
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2-Hexadecene, 3,7,11,15-tetramethyl-, [R-
[R*,R*-(E)]]- (2-Phytene) 
23745429 1.00 9.44 
3-Methyl-2-(3,7,11-
trimethyldodecyl)thiophene 
8146372 0.34 3.22 
3-Decylthiophene 4219218 0.18 1.67 
Hexanedioic acid, bis(2-ethylhexyl) ester 1900346 0.08 0.76 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
36523859 1.54 14.52 
Ergost-14-ene, (5.alpha.)- 1001376 0.04 0.40 
Total     78.77 
 
Table A 7.14. Compounds extracted from SHM by subcritical water at 150 oC 6mL/min 10 mins followed by 300 
oC static 20 mins (1st run). 
Identified compound (in the 150 oC dynamic 
wash) 
Mass spec 
response 
yield (µg) Parts per 
million 
Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-
2-methyl-1,3-propanediyl ester 
2073823 0.09 0.79 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
57273214 2.35 21.94 
Total   22.74 
 
Identified compound (in the 300 oC static 
portion) 
Mass spec 
response 
Yield (µg) Parts per 
million 
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 40472872 1.50 14.06 
Benzeneacetaldehyde 33252778 1.24 11.55 
1-Tetradecene 4466827 0.17 1.55 
3-Tetradecene, (Z)- 5536778 0.21 1.92 
Cyclopentane, 1-butyl-2-propyl- 14877608 0.55 5.17 
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Z-5-Nonadecene 4731103 0.18 1.64 
Acetic acid, 3,7,11,15-tetramethyl-hexadecyl 
ester 
4761014 0.18 1.65 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-
[R*,R*-(E)]]- (2-Phytene) 
30658037 1.14 10.65 
n-Hexadecanoic acid (palmitic acid) 65994687 2.45 22.92 
3-Methyl-2-(3,7,11-trimethyldodecyl)thiophene 26480775 0.86 8.01 
3-Decylthiophene 11823255 0.38 3.58 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
17821835 0.66 6.19 
Total    88.90 
 
Table A 7.15. Compounds extracted from SHM by subcritical water at 150 oC 6mL/min 10 mins followed by 300 
oC static 20 mins (2nd run). 
Identified compound (in the 150 oC 
dynamic wash) 
Mass spec 
response 
Yield (µg) Parts per 
million 
Propanoic acid, 2-methyl-, 1-(1,1-
dimethylethyl)-2-methyl-1,3-propanediyl 
ester 
5409837 0.23 2.22 
1,2-Benzenedicarboxylic acid, bis(2-
methylpropyl) ester 
4457541 0.19 1.83 
Hexanedioic acid, bis(2-ethylhexyl) ester 2341555 0.10 0.96 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
42675816 1.81 17.49 
Total   22.50 
 
Identified compound (in the 300 oC static 
portion) 
Mass 
spec 
response 
Yield (µg) Parts per 
million 
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2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 18002464 0.80 7.78 
Benzeneacetaldehyde 16738971 0.75 7.23 
1-Tetradecene 2861862 0.13 1.24 
3-Tetradecene, (Z)- 2380546 0.11 1.03 
Cyclopentane, 1-butyl-2-propyl- 8485031 0.38 3.66 
Acetic acid, 3,7,11,15-tetramethyl-
hexadecyl ester 
3337597 0.15 1.44 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-
[R*,R*-(E)]]- (2-Phytene) 
20187179 0.90 8.72 
3-Methyl-2-(3,7,11-
trimethyldodecyl)thiophene 
13949312 0.64 6.17 
3-Decylthiophene 5910152 0.27 2.62 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
6244227 0.28 2.70 
Total    42.58 
 
Table A 7.16. Compounds extracted from SHM by subcritical water at 200 oC 6mL/min 10 mins followed by 300 
oC static 20 mins. 
Identified compound (in the 200 oC 
dynamic wash) 
Mass spec 
response 
Yield (µg) Parts per 
million 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
1515785 0.07 0.73 
Propanoic acid, 2-methyl-, 1-(1,1-
dimethylethyl)-2-methyl-1,3-propanediyl 
ester 
1509320 0.07 0.73 
Total   1.46 
 
No compounds were detected in the 300 oC static portion 
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Table A 7.17. Compounds extracted from SHM by subcritical water at 200 oC 6mL/min 10 mins followed by 300 
oC static 20 mins (2nd repetition). 
Identified compound (in the 200 oC 
dynamic wash) 
MS 
response 
Amount 
(µg) 
Parts per 
million 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
2610562314 101.59 949.46 
Total   949.46 
 
Identified compound (in the 300 oC static 
portion) 
Mass spec 
response 
Yield (µg) Parts per 
million 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-
[R*,R*-(E)]]- (2-Phytene) 
11724431 0.52 4.90 
3-Methyl-2-(3,7,11-
trimethyldodecyl)thiophene 
5930308 0.27 2.54 
3-Decylthiophene 3605621 0.17 1.54 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
104012687 4.65 43.46 
Total    52.44 
 
Table A 7.18. Compounds extracted from SHM by subcritical water at 200 o C 6mL/min 10 mins followed by 300 
o C static 20 mins (3rd repetition). 
Identified compound (in the 200 oC dynamic 
wash) 
Mass 
spec 
response 
yield (µg) Parts per 
million 
Propanoic acid, 2-methyl-, 1-(1,1-
dimethylethyl)-2-methyl-1,3-propanediyl 
ester 
3003374 0.11 1.07 
Furfural 24183127 0.92 8.61 
Hexanedioic acid, bis(2-ethylhexyl) ester 5904950 0.23 2.10 
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1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
58834173 2.25 20.96 
Total   32.75 
 
Identified compound (in the 300 oC static 
portion) 
Mass 
spec 
response 
Yield 
(µg) 
Parts per 
million 
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 17011824 1.00 9.36 
Benzeneacetaldehyde 24450869 1.44 13.45 
1-Heptadecene 3588919 0.21 1.97 
1-Tetradecene 2893030 0.17 1.59 
3-Tetradecene, (Z)- 4049642 0.24 2.23 
Cyclopentane, ethyl- 14023026 0.83 7.72 
Acetic acid, 3,7,11,15-tetramethyl-hexadecyl 
ester 
4028608 0.24 2.22 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-
[R*,R*-(E)]]- (2-Phytene) 
47554774 2.81 26.17 
3-Methyl-2-(3,7,11-
trimethyldodecyl)thiophene 
13290882 0.78 7.24 
3-Decylthiophene 6889186 0.40 3.75 
1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester 
9106197 0.54 5.01 
Ergost-14-ene, (5.alpha.)- 1543672 0.09 0.85 
Total    81.56 
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Figure A 7.19. ATR spectra of SHJ and SHM samples before and after extraction.  
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Figure A 7.20. ATR spectra of goethite standard. 
